Cargo Transport By Myosin Va Molecular Motors Within Three-Dimensional In Vitro Models Of The Intracellular Actin Cytoskeletal Network by Lombardo, Andrew Thomas
University of Vermont
ScholarWorks @ UVM
Graduate College Dissertations and Theses Dissertations and Theses
2018
Cargo Transport By Myosin Va Molecular Motors
Within Three-Dimensional In Vitro Models Of
The Intracellular Actin Cytoskeletal Network
Andrew Thomas Lombardo
University of Vermont
Follow this and additional works at: https://scholarworks.uvm.edu/graddis
Part of the Molecular Biology Commons, and the Physics Commons
This Dissertation is brought to you for free and open access by the Dissertations and Theses at ScholarWorks @ UVM. It has been accepted for
inclusion in Graduate College Dissertations and Theses by an authorized administrator of ScholarWorks @ UVM. For more information, please contact
donna.omalley@uvm.edu.
Recommended Citation
Lombardo, Andrew Thomas, "Cargo Transport By Myosin Va Molecular Motors Within Three-Dimensional In Vitro Models Of The
Intracellular Actin Cytoskeletal Network" (2018). Graduate College Dissertations and Theses. 860.
https://scholarworks.uvm.edu/graddis/860
CARGO TRANSPORT BY MYOSIN VA MOLECULAR MOTORS WITHIN 









Andrew Thomas Lombardo 
To 
The Faculty of the Graduate College 
Of 
The University of Vermont 
 
In Partial Fulfilment of the Requirements 
For the Degree of Doctor of Philosophy 










Defense Date:  February 13, 2017 
Dissertation Examination Committee: 
 
David Warshaw, Ph. D., Advisor 
Alan Howe, Ph.D., Chairperson 
Christopher Berger, Ph.D. 
Bradley Palmer, Ph.D. 
Kathleen Trybus, Ph.D. 
Cynthia J. Forehand, Ph.D., Dean of the Graduate College 
ABSTRACT 
 
Intracellular cargo transport involves the movement of critical cellular 
components (e.g. vesicles, organelles, mRNA, chromosomes) along cytoskeletal tracks 
by tiny molecular motors. Myosin Va motors have been demonstrated to play a vital 
role in the transport of cargos destined for the cell membrane by navigating their cargos 
through the three-dimensional actin networks of the cell. Transport of cargo through 
these networks presents many challenges, including directional and physical obstacles 
which teams of myosin Va-bound to a single cargo must overcome. Specifically, 
myosin Va motors are presented with numerous actin-actin intersections and dense 
networks of filaments which can act as a physical barrier to transport. Due to the 
complexities of studying myosin Va cargo transport in cells, much effort has been 
focused on the in vitro observation and analysis of myosin Va transport along single 
actin filaments or simple actin cytoskeletal models. However, these model systems 
often rely on non-physiological cargos (e.g. beads, quantum dots) and two-dimensional 
arrangements of actin attached to glass surfaces. Interestingly, a disconnect exists 
between the transport of cargo on these simple model systems and studies of myosin Va 
transport on suspended 3D actin arrangements or cellular networks which show longer 
run lengths, increased velocities, and straighter, more directed trajectories. One solution 
to this discrepancy is that the cell may use the fluidity of the cargo surface, the 
recruitment of myosin Va motor teams, and the 3D geometry of the actin, to finely tune 
the transport of intracellular cargo depending on cellular need. 
To understand how myosin Va motors transport their cargo through 3D 
networks of actin, we investigated myosin Va motor ensembles transporting fluorescent 
350 nm lipid-bilayer cargo through arrangements of suspended 3D actin filaments. This 
was accomplished using single molecule fluorescent imaging, three-dimensional super 
resolution Stochastic Optical Reconstruction Microscopy (STORM), optical tweezers, 
and in silico modeling.  We found that when moving along 3D actin filaments, myosin 
motors could be recruited from across the fluid lipid cargo’s surface to the filaments 
which enabled dynamic teams to be formed and explore the full actin filaments binding 
landscape. When navigating 3D actin-actin intersections these teams capable of 
maneuvering their cargo through the intersection in a way that encouraged the vesicles 
to continue straight rather than switch filaments and turn at the intersection. We 
hypothesized that this finding may be the source of the relatively straight directed runs 
by myosin Va-bound cargo observed in living cells. To test this, we designed 3D actin 
networks where the vesicles interacted with 2-6 actin filaments simultaneously. Actin 
forms polarized filaments, which, in cells, generally have their plus-ends facing the 
exterior of the cell; the same direction in which myosin Va walks. We found that to 
maintain straight directed trajectories and not become stationary within the network, 
vesicles needed to move along filaments with a bias in their polarity. This allows for 
cargo-bound motors to align their motion along the polarized networks and produced 
productive motion despite physical and directional obstacles. Together this work 
demonstrates the physical properties of the cargo, the geometric arrangement of the 
actin, and the mechanical properties of the motor are all critical aspects of a robust 
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CHAPTER 1: INTRODUCTION 
 
The cell’s cytoskeleton is constructed from a complex entanglement of 
microtubule, actin, and intermediate filament networks. These serve as the structural 
foundation of the cell’s architecture, while the microtubule and actin networks also 
serve as tracks by which molecular motors move intracellular cargo. All cells take 
advantage of molecular motors to complete an enormous list of cellular functions 
including cell division, motility, and exocytosis, which are vital for survival.  Despite 
great structural variability, molecular motors can be generally categorized as biological 
protein machines, which exert force through the hydrolysis of adenosine triphosphate 
(ATP) on their respective cytoskeletal filaments. They are grouped into two major 
categories: the actin-based motors known as myosins, and the microtubule-based 
motors, kinesins and dyneins. Both microtubules and actin networks are formed from 
polarized filaments with their plus-ends generally facing the exterior of the cell (Fig. 1-
1). Motors from multiple types and classes bind to the same cargo with plus-end 
directed motors such as kinesin-1 and myosin V contributing to exocytosis and minus-
end directed motors such as dynein and myosin VI aiding in endocytosis (Sellers & 
Weisman, 2008).  
Exocytosis is usually completed through initial long-range transport (>10µm) 
via the bidirectional movement of kinesins and dyneins along microtubule filaments 
followed by hand off to myosin V for final delivery at sites of secretion (Fig. 1-1) 




identified as a versatile transport and tethering myosin, which binds to a wide range of 
intracellular cargoes including melanosomes, endoplasmic reticulum, mRNA, synaptic 
vesicles, and a large variety of secretory granules (Kögel et al., 2010; Sladewski, 
Bookwalter, Hong, & Trybus, 2013; Wu et al., 2002a). Normal cellular function 
requires these cargos to be transported to the correct place at the correct time. 
Accomplishing this in the packed cytoplasmic environment is an intimidating problem 
for myosin V motors.  
Figure 1-1: Intracellular Transport Schematic. The transport of intracellular 
cargo by microtubule- and actin-based motors is essential to proper cellular function. 
Cargos produced and packaged at the interior of the cell are transported along 
microtubule (green) and actin (red) networks to sites of secretion at the exterior of 
the cell. Teams of myosin Va (black) navigate the actin networks following hand off 
from long range transport by dynein and kinesin. Navigating these networks presents 




While the interior of many cells are relatively sparse of actin filaments, if a 
cargo is to be moved to the exterior of the cell for exocytosis, it must cross the regions 
of densely organized or branching networks of actin found at the periphery of the cell 
(Fig. 1-1) (Korobova & Svitkina, 2010; Svitkina, Verkhovsky, McQuade, & Borisy, 
1997).  This presents a number of physical and directional challenges to the tens of 
myosin V motors, which are known to bind to the exterior of many cargo (Gross et al., 
2002). Each intersection of actin filaments provides a potential decision point as to 
which filament to follow. Complicating matters, filaments may also act as physical 
barriers rather than tracks, preventing forward motion along a separate filament. The 
problem intensifies as the density of the network increases because the three-
dimensional (3D) arrangement of filaments within the cell can provide unlimited 
directional possibilities. Understanding how multiple myosin V motors on the cargo 
surface are able to overcome these issues and distribute their cargo to the correct 
location in a timely manner becomes vital to understanding this basic process of cargo 
transport, which is critical to all eukaryotic life as we know it.   
To address this question on a molecular level, the overwhelming complexity of 
intracellular cargo transport must be distilled down to just the core components of the 
system: the cargo, the track, and the motor. Using recombinant myosin Va, synthetic, 
lipid-bilayer cargo, and in vitro actin networks, we created a model system which 
emulates the basic constituents of 3D cellular transport systems. Taking advantage of 
single molecule fluorescent imaging, 3D super resolution Stochastic Optical 




pushed the limits of our understanding regarding myosin Va intracellular cargo 
transport in 3D actin networks.  
 
Myosins 
Intro to myosins via a short muscle history 
 Myosins are a diverse super-family of proteins which are hallmarked by their 
unique interaction with the protein, actin, as they hydrolyze ATP to generate force and 
motion. Myosin is most widely known for its role as the force producing component of 
striated muscles.  Many of the fundamental characteristics of myosin were elucidated in 
the context of muscle, which were applied to the still growing list of non-muscle 
myosin classes known today (Adelstein, Pollard, & Kuehl, 1971; Handson & Huxley, 
1953; Huxley, 1969; Knight et al., 2000).  Most notable of these are the general 
structural domains and the cyclical coupling of the ATPase nucleotide state to actin 
attachment which are largely conserved across all myosins (Fig. 1-2A&B). 
 
General structures shared by all myosins 
  Myosins consist of three major structural domains: the head, the neck, and the 
tail (Fig. 1-2A). The N-terminal end of myosin starts the globular head domain, also 
known as the motor domain. It is the most conserved domain between all myosins due 
to the presence of both the nucleotide-binding pocket and actin-binding interface. The 
hydrolysis of ATP occurs in the nucleotide-binding pocket leading to structural changes 




which acts as a lever arm and amplifies the small changes within the motor domain 
(Uyeda, Abramson, & Spudich, 1996). Collectively, the combined movement of the 
head and neck domains creates the power stroke action, and allows for the larger 
Figure 1-2: The Myosin Conserved Structures and Kinetic Cycle. (A) 
Schematics highlighting the major structural components of myosin II and myosin 
V (Trybus, 2008) (B) Structure of myosin II S1 with major subdomains labeled 
(Lorenz et al., 2010)(Nie et al., 2014). (C) Cartoon depicting how all myosins can 
interact with actin in both strongly-bound (green) or weakly-bound (blue) states 
depending on the nucleotide state of the myosin. The ratio of time spent in the green 
area as a fraction of the entire cycle time is known as the duty ratio. Processive 
motors such as myosin Va are rate limited by ADP release, which results in a high 
duty ratio (De La Cruz & Ostap, 2004). (B) Adapted from Nie, Q. M., Togashi, A., 
Sasaki, T. N., Takano, M., Sasai, M., & Terada, T. P. (2014). Coupling of lever arm 
swing and biased Brownian motion in actomyosin. PLoS computational biology, 
10(4), e1003552. (C)  Reprinted from Current Opinion in Cell Biology, Vol.16, De 
La Cruz, EM, Ostap, ME, Relating biochemistry and function in the myosin 




distances (nanometers) needed to produce productive movement along actin (Fig. 1-2B 
Step 5). The length and rigidity of the lever arm is a strong determinant of the step size, 
or distance, each hydrolytic cycle swings the lever arm, with longer neck domains 
generally producing larger step sizes (Hodges, Bookwalter, Krementsova, & Trybus, 
2009; Sakamoto, Yildiz, Selvin, & Sellers, 2005). Calmodulin family light chains bind 
to the neck region of all myosins and modulate the lever arm rigidity allowing the lever 
arm action to transmit the motor domain displacements (Fig. 1-2A).  
The C-terminus tail domain of myosin is the least conserved across classes and 
varies widely depending on the cellular function of the myosin class. However, the 
structural variability of the tail domain allows for specific targeting, regulation, and 
dimerization of the myosin. For example, the tail domain of class I myosins incorporate 
directly into lipid membranes and does not dimerize, while Class Va myosin tails 
dimerize through the formation of a coiled coil in the tail region to form a two-headed 
motor (Fig. 1-2A) (Adams & Pollard, 1989; Cheney et al., 1993). Additionally, the tail 
region can serve to aid in cellular regulation of the myosin’s motor activity. Myosin Va 
contains a globular tail region not seen in class I or II myosins, which allows the motor 
to bind to its vesicular cargos through protein adaptors (See Structural and functional 
features of myosin Va) (Fig. 1-2A & 1-3A) (Liu, Taylor, Krementsova, Trybus, & 
Taylor, 2006; Wu et al., 2002b).   
 
The general ATP hydrolysis cycle of myosins 
The myosin-actin attachment and detachment mechanics are inexorably linked 




exists between two states: (1) a primarily electrostatic weak binding state; (2) A strong 
binding state dominated by hydrophobic interactions. The link between the enzymatic 
and mechanical states are a product of structural design of the myosin motor domain, 
which is made up of four major subdomains: the N-terminal, upper 50kDa, lower 
50kDa, and the converter (Fig. 1-2B).   The hydrolysis cycle begins with myosin 
weakly interacting with actin and ATP-bound to the nucleotide binding site; sitting 
between the three-way interface of the N-terminal, lower, and upper 50kDa domains 
(Fig. 1-2B).  Though all structures remain dynamic, binding of ATP within the 
nucleotide pocket promotes the closure of the cleft between the upper and lower 50kDa 
regions of the motor domain and repriming of the lever arm followed by hydrolysis to 
ADP-Pi (Fig. 1-2C).  Release of Pi leads to a favoring of the strong actin binding state. 
The subsequent mechanics of lever arm repriming and closure of the 50kDa upper and 
lower cleft are currently a matter of active investigation, however, it is clear both of 
these steps follow Pi release (Coureux, Sweeney, & Houdusse, 2004). While the head 
domain remains strongly-bound to actin, ADP is released at a rate that depends on the 
myosin class. More specifically, processive myosins that have a relatively slow ADP 
release rate may spend over fifty percent of their hydrolysis cycle in the strongly-bound 
state (i.e. duty ratio) and thus, ADP release becomes rate limiting for the ATPase cycle 
(Fig. 1-2C Step 6) (De La Cruz, Wells, Rosenfeld, Ostap, & Sweeney, 1999; Mehta et 
al., 1999; Wang, F., et al., 2000). On the other hand, non-processive motors, such as 
muscle myosin II, release ADP relatively quickly so that Pi release is rate limiting for 




5) (White, Belknap, & Webb, 1997). The individual motor’s duty ratio determines the 
number of motors which are needed to achieve smooth, continuous motion and can 
determine how motors might work as teams. For example, muscle myosin II has a duty 
ratio of around 0.05, and thus one would need at least 20 myosin II in contact with a 
single actin filament to ensure that one of the 20 motors is bound to the actin and 
generating motion at any given time.  
The release of adenosine diphosphate (ADP) is a critical aspect of many 
myosins because it is the root of the motors force dependence, or its ability to change 
the rate of its hydrolysis cycle in response to tension or force (Clemen et al., 2005). This 
force dependence allows some classes of myosins to act as a force sensor, which can be 
used by the cell to regulate its internal mechanical environment (Laakso, Lewis, 
Shuman, & Ostap, 2008). For a single headed motor, such as myosin I, applying a 
resistive load (i.e. opposite to the direction the motor steps) slows ADP release. This 
can transition myosin I from a low-duty ratio motor, to a high-duty ratio motor and 
allow it to detect and respond to membrane forces in the cell (Laakso et al., 2008). 
Applying a force in the same direction as the motor steps (i.e. assistive load) has the 
opposite effect, leading to quickened release of ADP and faster stepping along actin 
(Debold, Patlak, & Warshaw, 2005; Laakso et al., 2008; Neuman & Block, 2004).   
When two myosin motors are mechanically coupled, as in the myosin V two headed 
dimer (Fig. 1-2A), this force dependence aids in the ability to ‘walk’ along actin 
filaments and take many steps without dissociation (Sellers & Veigel, 2006). This 




process termed ‘gaiting’ (Veigel, Wang, Bartoo, Sellers, & Molloy, 2002). When the 
two heads are simultaneously bound to actin (as in Figure 1-3A), the lead head (closer 
to the plus-end of actin for a plus-end directed motor) may hydrolyze its ATP and try to 
undergo its power stroke before the trailing head. However, because the two heads are 
mechanically coupled, the lead head can experience a resistive load from the trailing 
head, which is still strongly-bound to the actin. This slows the ADP release of the lead 
motor and keeps the lead head strongly-bound to actin.  However, the trailing head 
experiences an equal and opposite force which is applied as an assistive load and leads 
to quickened ADP release. In the cellular environment, ATP is in high concentration 
and a new molecule quickly binds to the myosin nucleotide binding pocket following 
ADP release (Fig. 1-2C). This triggers myosin to move into a state favoring weak 
binding to actin. In this way the trailing head is more likely to detach from the actin 
than the leading head. The trailing head then swings past the leading motor and 
reattaches to actin to become the new leading motor and to start the process over. 
Through the slight modulations of this basic chemo-mechanical cycle, each myosin 




 All mammalian cells use both actin-based myosins and microtubule-based 
kinesins and dyneins to organize and transport intracellular cargos. Class V myosins 
have come to be recognized as the quintessential intracellular cargo transporter out of 




have three myosin V genes encoding myosin Va, myosin Vb, and myosin Vc, which all 
share biochemical properties and structural motifs that enable their in vivo function as 
cargo transporters and tetherers (Cheney et al., 1993). While recent studies have 
investigated the specific conditions under which myosin Vb and myosin Vc transport 
cargo (Sladewski, Krementsova, & Trybus, 2016; Vogel et al., 2015), significantly 
more effort has been focused towards detailed structural and functional studies of 
myosin Va as a model for understanding the class V myosins.  
 
Myosin Va’s cellular localization and known cellular roles  
 Early studies of a mouse coat color mutation, historically known as the dilute 
gene, revealed that the defect was a result of a class V myosin mutation. This 
subsequently lead to the unveiling of myosin Va’s role as a required transporter in 
melanosome delivery (Mercer, Seperack, Strobel, Copeland, & Jenkins, 1991; Searle, 
1952). Immunofluorescence imaging of myosin Va in melanocytes indicates spotted 
staining throughout the cytoplasm, with bright co-localization to the melanosomes and 
other organelles (Nascimento, Amaral, Bizario, Larson, & Espreafico, 1997). 
Attachment to other organelles bound for the cell membrane was later discovered and 
myosin Va was found to aid in the delivery of cargo in many diverse cell types 
including the secretory granules of pancreatic beta cells, neurons, and adrenal 
chromaffin cells among others (Hammer III & Wagner, 2013; Rosé et al., 2003). Cells 
with genetic mutations of myosin Va show accumulation of vesicles typically targeted 




Provance, Wei, Ipe, Mercer, & Mercer, 1996). Together, these further advanced the 
view that the motor not only bound to these cargo to aide in their cellular targeting, but 
was an active player itself in the transport and anchoring of many critical cargo to the 
cell membrane. However, an explanation of how this occurs mechanistically required 
revelations regarding the individual motor’s structural and functional features. 
  
Structural and functional features of myosin Va  
 Single molecule studies of myosin Va showed that it was a dimeric motor 
capable of taking repeated 36 nm steps exclusively toward the plus-end of actin (Mehta 
et al., 1999; Moore, J.R., Krementsova, Trybus, & Warshaw, 2001; Veigel et al., 2002; 
     
 
Figure 1-3: Schematics of Myosin Va. (A) Cartoon depicting the major structural 
domains of myosin Va, which bind to cargo (yellow) at the globular tail domain 
(magenta) and actin (red) at the motor domains (blue). Myosin Va’s attachment to 
lipid-bound cargo is regulated by adaptor proteins (orange), which interact with the 
rod region (black) and globular tail domains. As a result of the biochemical 
properties of the motor domain and its elongated lever arm (green), myosin Va can 
take repeated steps toward the plus-end of actin (cyan-colored plus) without 
detaching. (B) Cartoon of teams of myosin Va motors (green surface of cargo) can 
bind to separate actin filaments (red). If the polarity (cyan-colored plus) of the actin 
is aligned, then the teams produce cooperative forces (green arrows) and can move 




Warshaw et al., 2005). This characteristic was, at the time unique, within the myosin 
family. Structural and biochemical studies were designed to further explore the 
interesting transport capabilities of the motor. It was found that the two motor domains 
of the dimer are each followed by a 24 nm long lever arm stabilized by the binding of 
six calmodulins (Fig. 1-3) (Trybus, 2008). The binding of calmodulin to the lever arm is 
regulated by calcium, which upon binding to the calmodulin results in dissociation from 
myosin Va resulting in the loss of processivity (Espreafico et al., 1992; Lu, 
Krementsova, & Trybus, 2006). The rigidity and length of the lever arm allows for both 
a larger step size, through amplification of movement from the motor domain, and 
mechanical coupling between the two heads of the dimer (Baker et al., 2004; Moore, 
J.R., et al., 2001; Sakamoto et al., 2005; Veigel et al., 2002).  
 To achieve dimerization, a coiled coil is formed after the lever arm, forming 
what is known as the “rod region” (Fig. 1-2A & 1-3A).  However, the rod region also 
serves an important role for targeting to cargo and interactions with adaptor proteins 
(Wu et al., 2002a). The different isoforms of myosin Va include varying exons, and 
have alternative splicing within the rod region which are required for binding to specific 
cargos.   A small number of interruptions in the coiled coil exist, which serve an 
uncertain function but may be sites for adaptor interactions (Fig. 1-3A) (Espreafico et 
al., 1992; Trybus, 2008). Nonetheless, truncating the protein near the first break 
following the lever arm leads to a constitutively active motor known as heavy 
meromyosin (HMM) (Walker et al., 2000). Truncating at this location removes the C-




inactivate the protein (Liu et al., 2006).  This folded interaction serves as an important 
point of regulation for myosin Va as it slows ATPase activity within the motor domain 
when cargo is not bound to the motor. In vivo, this folded inactive state is reversed 
through interactions in the C-terminal end of the rod region and the globular tail of 
myosin Va with adaptors proteins (Fig. 1-3A) (Hodges et al., 2009; Hume, Tarafder, 
Ramalho, Sviderskaya, & Seabra, 2006). These adaptor proteins mediate the connection 
between myosin Va and its intracellular cargo, which is addressed in detail in the 
section Multi-motor complexes. 
 
Cellular Actin Networks  
 The cytoskeletal proteins, actin and tubulin, rank amongst the most abundant 
proteins in nearly all eukaryotic cells. Through the dynamic formation of filaments, the 
cytoskeleton not only provides structure to the cell but, also serves a critical role by 
which intracellular transport occurs.  Both functions are required for cell survival and 
accordingly their dynamics are tightly regulated. This is especially true for actin, which 
has in excess of 160 known regulating proteins (Dos Remedios et al., 2003).  However, 
actin itself has structural and biochemical properties which allow it to serve the cell in a 
dynamic and versatile way. 
 
Basics of actin polymerization and polarity 
The globular 43kDa actin monomer (G-actin) polymerizes into filaments (F-




presence of actin binding proteins. To create a new filament, a small number of 
monomers must combine in the relatively slow rate limiting process of nucleation (Fig. 
1-4) (Tobacman & Korn, 1983). Once formed, monomers are added to create a 72 nm 
repeating, pseudo right-handed double helix with a diameter of 7 nm (Moore, P.B., 
Huxley, & DeRosier, 1970). A growing filament may add monomers to both ends, 
though neither the rate nor the conditions for the attachment of new G-actin is 
symmetric for the two ends (Kuhn & Pollard, 2005). ATP-bound G-actin binds to the 
faster growing plus-end most readily (Fig. 1-4). Over time (tens of seconds), the ATP is 
hydrolyzed, which decreases the individual monomer’s likelihood of remaining in the 
filamentous form and increases the chances of detachment from the slower growing 
minus-end (Fig. 1-4) (Pollard, 1986).  Without the aid of binding proteins, the filament 
can continue to bind new monomers at the plus-end while simultaneously detaching 
monomers from the minus-end in a ‘treadmilling’ process. These characteristics allow 
for individual actin filaments to remain dynamic when incorporated into larger 3D 
networks of filaments, which form the cell’s major actin structures. 
 
Networks of filaments: Larger-order 3D cellular actin structures 
While the actin is the track for myosinVa-based transport, dense 3D networks of 
filaments present physical and directional challenges. The complexity and density of 
many cellular actin structures have the potential to act as more of a barrier to transport 
than as a track. As the density of the network increases, the likelihood that motors from 





                                       
 
Figure 1-4: Actin Dynamics and Cellular Structures. Cartoon of a selection of 
the actin structures and their localizations within the cell.  Actin nucleation is 
unfavorable and the rate limiting step before elongation of a new actin filament. 
Actin ATP hydrolysis creates a gradient of nucleotide states across a single actin 
filament with new ATP-bound actin (yellow) monomers attaching on the plus-end 
and ADP-bound actin (red) disassembling from the minus-end. A host of actin 
binding and modulating proteins are used by the cell to create vastly different 
structures. Each of these structures presents a different challenge to myosin-driven 
transport. Adapted from Blanchoin, L., Boujemaa-Paterski, R., Sykes, C., & 
Plastino, J. (2014). Actin dynamics, architecture, and mechanics in cell motility. 





filaments’ polarities are not aligned. Engaged motors on opposing filaments would 
produce competing forces inducing a tug-of-war between motor teams.  Therefore, the 
cell has devised several mechanisms by which actin filament orientation and polarity 
can be regulated. 
   Many of actin’s binding partners are sensitive to the polarity of the actin 
filament, which is used by the cell to cap, nucleate, bundle, or extend from exclusively 
the plus- or minus-end of actin. Each actin filament can thus be arranged based on 
length, orientation, and polarity by the cell’s tool box of actin-modulating proteins (Fig. 
1-4). Thus, actin can be arranged into 3D networks of incredible complexity. For 
example, stress fibers and filopodia are both long cords of bundled actin mediated by 
the proteins, alpha-actinin and fascin, respectively. By naive visual inspection these 
may appear very similar. However, fascin will bundle actin filaments with their 
polarities aligned; leading to ‘highways’ of bundled actin with plus-ends all facing the 
same direction. On the other hand, alpha-actinin bundles filaments independent of their 
polarity (Byers & Fujiwara, 1982; Vignjevic et al., 2006). Both fascin and alpha-actinin 
create bundles of actin, yet the polarity of the filaments within the bundles makes the 
difference between being an ideal track, and one prone to unproductive movement for 
processive myosins.  
Often the 3D shape of the human cell is coupled to its tissue specific function.  
Cells which specialize in the secretion of peptides, such as the melanocyte, rely on their 
3D shape to allow for proper production and delivery of melanin to surrounding cells.  




accomplished. Furthermore, for a melanocyte’s cargo to be moved by plus-end directed 
motors like myosin Va, from the interior of the cell, at the site of production, to the 
dendritic tip for secretion, the polarity of the actin filaments must generally be biased 
with plus-ends directed towards the cell exterior (Fig. 1-3B).  This can be accomplished 
through numerous mechanisms including 3D branching networks produced by the Actin 
Related Proteins 2 and 3 (Arp2/3) complex which is responsible for dendritic spine 
formation (Korobova & Svitkina, 2010). Within these structures, the Arp2/3 produces 
branches from a single actin filament at a characteristic 70-degree angle (Fig. 1-4) 
(Mullins, Heuser, & Pollard, 1998). Each branch, nucleated off the original filament, 
maintains the polarity of the original filament. Thus, a polarity bias is created in the 
direction the filaments branch, with its directionality maintained toward the exterior of 
the cell by numerous other actin binding proteins (McCullough, Blanchoin, Martiel, & 
De La Cruz, 2008; Michelot et al., 2007).  To overcome the physical and directional 
challenges associated with moving through these actin networks, myosin Va motors 
must then take advantage of both their organization on the cargo and the cytoskeletal 
geometry. 
  
Intracellular Cargo Transport by Myosin Va 
Multi-motor complexes  
While the individual myosin Va motor is capable of moving processively along 
a single actin filament for distances in excess of 1 µm, cellular cargos bind dozens of 




cargo to experience long range transport from the center of the cell, through 
microtubule-based transport, followed by myosin-based transport closer to the cell 
periphery. The mix of motor proteins are recruited and bound to the cargo via their 
respective adaptors (Fig. 1-3A). For example, the protein Rab27a binds directly into the 
lipid bilayers of vesicular cargo (e.g. melanosomes) through lipophilic post translational 
modifications, and then recruits the myosin adaptor protein melanophilin (Pylypenko & 
Goud, 2012; Wu et al., 2002a). In turn, melanophilin then binds to the tail region of 
myosin Va and creates a stable linkage between the motor and the cargo through the 
adaptors (Fig. 1-3A).  Interestingly, melanophilin only binds the GTP form of Rab27a, 
which allows for regulation of myosin Va’s recruitment to the melanosome (Nagashima 
et al., 2002).  Each of these adaptors has their own structural properties which can 
modify myosin Va’s activity.  Melanophilin not only binds to myosin Va but also 
interacts with actin, serving as a tether to increase run lengths for the motor while 
rabphilin, another adapter, does not interact with the actin (Sckolnick, Krementsova, 
Warshaw, & Trybus, 2013). Because each adaptor can modulate the attachment of 
myosin Va to the cargo and influence its transport along actin, the availability of 
multiple adaptor proteins within a single cell provides a handle by which the cell can 
modulate and tightly regulate motor activity. 
Ultimately, myosin Va’s attachment to the cargo is dependent on lipophilic 
regions of the adaptor protein, which incorporate into the cargo’s lipid bilayer. Studies 
of the composition of intracellular, lipid-coated cargo represent an active field unto 




which promotes membrane fluidity (Sobota, Ferraro, Bäck, Eipper, & Mains, 2006). 
Reducing cellular cholesterol, and thus producing ridged membranes, results in the 
blocking of all secretory granule formation from the trans-golgi network within 
pituitary cells (Wang, Y., Thiele, & Huttner, 2000). With a fluid membrane, the bound 
myosin Va and other motors are free to diffuse across the surface of the cargo, which 
allows for the recruitment of multiple motors to a single actin filament.  
Each myosin Va motor is capable of producing approximately 1.8 pN of force, 
which can contribute to existing force producing motors within a team bound to the 
same filament (Kad, Trybus, & Warshaw, 2008; Klumpp & Lipowsky, 2005). This 
allows for the production of forces greater than that of the single motor aligned in a 
uniform direction. Gross et al. aimed to reveal a cellular purpose to binding multiple 
motors by measuring the number of motors on purified melanosomes from cells which 
fail to disperse their cargo properly, versus cells whose cargos dispersed properly 
(Gross et al., 2002). These researchers found cells, which were defective in dispersing 
melanosomes, had significantly less motors bound to the isolated cargo. Furthermore, 
studies using synthetic lipid cargo with multiple bound motors showed emergent 
behaviors of increased velocities and run lengths when the membrane was fluid and 
surface diffusion allowed for motor recruitment to the actin filament (Nelson, Trybus, & 
Warshaw, 2014). Additionally, theoretical models have linked these emergent behaviors 
to mechanical coupling between the motors within the teams (Müller, Klumpp, & 
Lipowsky, 2008; Nelson et al., 2014).   Importantly, these studies indicate that when 




capabilities (e.g. run lengths, velocities) of the whole cargo complex is greater than that 
of the single motor. 
 
Endocytosis vs. exocytosis 
 The above sections have focused (somewhat narrowly) on principles of transport 
by myosin Va within actin cytoskeletal networks. However, as alluded to in the opening 
paragraphs, these principles can be applied within a larger context of intracellular 
transport along the microtubule and actin cytoskeleton (Fig. 1-1).  Both exocytosis and 
its counterpart, endocytosis, are required to occur on the same cytoskeletal networks. 
However, microtubule networks, to an even greater extent than actin filaments, are 
highly polarized with plus-ends of microtubules almost exclusively facing the exterior 
of the cell (McNiven, Wang, & Porter, 1984; Robinson, Sherwin, Ploubidou, Byard, & 
Gull, 1995). This necessitates that plus-end directed motors such as kinesin-1 and 
myosin Va cannot be the lone transporters of cargo and, thus, minus-end directed 
motors dynein and myosin VI are used to aid in the transport of cargo toward the center 
of the cell.  This poses an intriguing predicament for cells: How to control the activity 
of minus-end directed vs. plus-end directed motors that may be bound to the same 
cargo?  Interestingly, cargos bound with oppositely directed microtubule-based motors 
move bidirectionally, switching between plus- or minus-end directed motion, while 
cargos with oppositely directed myosins move unidirectionally in either the plus- or 
minus-end direction (Ali et al., 2011; Hariadi, Cale, & Sivaramakrishnan, 2014; Kural 




to control opposing microtubule-based motors vs. actin-based motors. One answer 
proposed for the kinesin/dynein system is that the ratio of the number of plus- to minus-
end directed motors on the surface of the cargo dictates which direction the cargo 
moves (Hendricks et al., 2010).   However, with myosin Va and myosin VI colocalizing 
to the same cargo as dynein and kinesins, it is currently a matter of active research how 
these four transporters are coordinated to produce productive motion (see Chapter 4: 
Discussion) (Schroeder, Mitchell, Shuman, Holzbaur, & Goldman, 2010; Suter, 
Espindola, Lin, Forscher, & Mooseker, 2000). 
 
In Vitro Model Systems versus In Vivo Experiments 
Myosin Va has received arguably the most detailed characterization of any 
unconventional myosin. Elegant studies into myosin Va’s role within the cell have 
come from both top-down, in vivo experiments, and bottom-up, in vitro approaches. 
Ideally, these lead to a complementary understanding, however, the incredible 
complexity of the cell and the gross simplification of a purified protein system, can 
make reconciliation of information difficult. Over the past decades, in vitro single 
molecule studies have sequentially increased complexity in an attempt to more 
accurately recapitulate cellular phenomenon while maintaining mechanistic 
understanding. 
 
Select techniques used in in vitro model systems 
The molecular basis for much of myosin Va’s intracellular functions was 




toolkits used for quantitatively studying the stepping of myosins (or sliding of actin) is 
the in vitro motility assay (Uyeda, Warrick, Kron, & Spudich, 1991). Originally, it 
involved the attachment of a bed of purified myosin to a glass surface within a 
microfluidic chamber where solutions could be easily flowed in and out of the chamber. 
The many surface-bound myosins were then exposed to individual, fluorescently 
labeled actin filaments, which were visualized translocating across the bed of myosin. 
This allows for the comparison of velocity of actin filament sliding between differing 
myosin motors or at different ATP concentrations, which are quantitative measures 
intrinsic to each motor. The introduction of Total Internal Reflection Fluorescence 
(TIRF) microscopy allowed for illumination of just a small sliver of sample ~200 nm 
above the glass surface in the assay. This eliminates all fluorescence signal not 
immediately at the glass surface and allows for enhanced signal to noise ratios. Using 
this technique in a variation of the motility assay, actin is instead attached to the glass 
surface and the movement observed of individual myosin Va motor heads that are 
fluorescently labeled with a single fluorophore or quantum dot (Warshaw et al., 2005; 
Yildiz, Forkey, McKinney, Ha, Goldman, 2003). One advantage of this strategy is that 
the fluorescent signal originates from a single point source (i.e. a point spread function), 
which allows for the Gaussian fitting of the point spread function, to sub-diffraction-
limited precision (~5 nm). It’s this precision that allows for the observation of hand over 
hand stepping behavior for these individual processive motors. 
Optical traps (i.e. laser trap, optical tweezers) provide another, unique source of 




focused laser beam, which can create an energy well around ~1µm sized beads, 
ensnaring the particle (Fig. 2-4). The trap can be used to detect miniscule forces on the 
order of piconewtons and displacements on the single nanometer scale. This is ideal for 
the measurement of a single myosin interacting with an individual actin filament. There 
are many set ups for using an optical trap for measuring the force and displacements of 
individual myosin, however, all are detected through movement of the bead held within 
the optical trap. The beads movement is related to the optical trap’s stiffness, which acts 
as a linear spring on the bead, so displacement can be directly related to force generated 
(Fig. 2-S7). In this way, if a single myosin binds to and completes its power stroke on 
an actin filament attached to a bead within the optical trap, the force generated by the 
single myosin motor can be measured (Finer, Simmons, & Spudich, 1994). Optical traps 
have also been used in a set up similar to the above described alternative motility assay, 
where instead of a motor-bound quantum dot, the motor’s tail region is bound to the 
bead within the optical trap (Fig. 2-4) (Hendricks et al., 2010). Assistive and resistive 
loads can then be applied to the motors, which have helped to elucidate the mechanical 
load dependent properties of many motors (see, The general ATP hydrolysis cycle of 
myosins of this chapter). 
Finally, the advent of super-resolution STocastic Optical Reconstruction 
Microscopy (STORM) and Photoactivated Localization Microscopy (PALM) provided 
a significant breakthrough to the imaging of fluorescent filaments like actin (Betzig et 
al., 2006; Rust, Bates, & Zhuang, 2006). As described above, Gaussian fitting of 




However, this cannot occur when many fluorophores are illuminated within close 
proximity and their fluorescent signals overlap as is the case for the fluorescently-
labeled actin filaments used in many in vitro experiments.  STORM overcomes this by 
stochastically activating a small subset of the fluorescent particles at a low enough 
density that their sub-diffraction limited location can be determined. A movie of the 
same field of view is recorded for thousands of frames while each frame catches the 
fluorescent signal from a different subset of the target protein’s fluorescent label. 
Powerful algorithms then fit the fluorescent signals from all the frames to sub-
diffraction precision, and then create a reconstructed image from the localized fits (Fig. 
2-1, 3-1) (Dudok et al., 2015; Huang, Wang, Bates, & Zhuang, 2008). The resultant 
reconstruction often obtains approximately 10X the resolution of the traditional 
fluorescent image (~25 nm vs. 250 nm).  What’s more, the introduction of a cylindrical 
lens into the light path allows for intentionally induced astigmatism to be applied to 
each fluorescent particle (Fig. 2-S2) (Huang et al., 2008). This astigmatism is non-
existent when a particle is perfectly in focus, however, moving up or down in the Z-
dimension from focus changes the shape of the fluorescent point spread function. 
Calibrations to this shape change are created by stepping well-defined fluorescent 
particles through a range of Z-positions totaling ~800 nm.  When unknown fluorescent 
particles are then localized as described above using STORM, their shape can then be 
related to the Z-position calibration look up table revealing their position in three-
dimensions (Fig. 2-S2).  This technology enables the 3D geometry of actin filaments to 




dimension which has been revolutionary for the description of cytoskeletal networks 
both in and outside of cells. 
 
Building complexity in vitro 
 Within the past decade, multiple elegant in vitro studies have been designed to 
study multi-motor behavior, motor regulation, and simplistic networks of cytoskeletal 
filaments (Hendricks et al., 2010; Lu et al., 2012; Ross, Shuman, Holzbaur, & 
Goldman, 2008). The basic unit of a cytoskeletal filament network, a filament 
intersection, was made from two actin filaments, or a microtubule and actin, to 
investigate how myosin Va would navigate the physical and directional challenges (Ali 
et al., 2007; Schroeder et al., 2010). These studies revealed that individual myosin Va 
motors had a tendency to switch filaments approximately ~50% of the time at actin-
actin intersections and had the ability to diffuse directly along microtubule filaments the 
myosin Va motors encountered (Ali et al., 2007). Additionally, the need for myosin Va 
to work in teams was supported by the observation of meandering tracks of the single 
motor in living COS-7 cells and the finding that only ~5% of individual myosin Va 
motors produce long directed motion in HeLa cells (Nelson, Ali, Trybus, & Warshaw, 
2009; Pierobon et al., 2009). However, these in vitro studies lacked the spatial realities 
of the 3D cell due to the necessity of binding the filaments to the glass surface for TIRF 
microscopy. This is highlighted by the discrepancy between the above reports of 
myosin Va switch rates at intersections and the finding that teams of myosin Va moving 




2007; Hariadi et al., 2014). Furthermore, when single myosin Va moves along actin 
filaments that are suspended off the glass surface between silica bead supports, the 
motor’s run length doubles, suggesting 3D access to the full actin filament is beneficial 
to transport by myosin Va (Ali et al., 2002).  Work looking at microtubule-based 
transport hinted to an answer to some of these discrepancies when it was observed that 
multi-motor cargos moving along 3D STORM imaged cellular networks were able to 
overcome barriers to transport that would have otherwise been unpassable on 2D 
surface-bound microtubules (Bálint, Verdeny-Vilanova, Sandoval Álvarez, & 
Lakadamyali, 2013). Collectively, these studies and the overall field’s progression 
toward increasing complexity in vitro expanded the focus of myosin Va-based transport 
beyond the mechanics of the individual motor. The notion that the physical properties of 
the cargo, the 3D arrangement of the actin, and the emergent behaviors from multiple 
motors were all critical components to the overall myosin Va-driven transport system 
became an increasingly attractive model. 
 
Scope and Purpose 
Myosin Va molecular motor ensembles are critical to the transport of 
intracellular cargo along the cell's 3D highway of actin filaments. However, each 
individual actin intersection produces a directional challenge while the density of some 
networks of filaments can create an intimidating physical barrier. This leaves a basic, 
yet critical, question: How do teams of myosin Va motors transport their cargo through 




myosin Va cargo transport in cells, numerous in vitro model systems have made 
progress toward understanding myosin Va based transport, as described above. Yet this 
work has been limited by the use of non-physiological cargo (e.g. silica beads, 
quantum-dots, DNA origami, ect.) and two-dimensional arrangements of surface-bound 
actin. Importantly, a major discrepancy exists between these in vitro models where 
motors meander or turn at nearly every intersection and cargo transported along 
physiological networks, which move in relatively straight lines (Ali et al., 2007; Hariadi 
et al., 2014).  This dissertation will investigate the mechanisms which myosin Va 
employs to navigate the varying 3D actin networks found within the cell. 
 In Chapter Two we look to understand how teams of myosin Va transport lipid-
bound cargo in 3D and navigate through a precisely defined single actin-actin 
intersection.  This most basic unit of cytoskeletal obstacles, is capable of simultaneously 
acting as both a structural barrier to, and an alternate track for, myosin Va-driven 
transport. We employed 3D super-resolution STORM microscopy and single molecule 
fluorescence tracking to observe myosin Va teams moving cargo along suspended actin 
filaments. We hypothesized that bringing the actin and cargo complex off the surface of 
the glass would allow the motors to engage the actin in a more physiological way, 
leading to emergent and enhanced transport capabilities. Indeed, when a cargo was 
transported along a single suspended actin filament by myosin Va teams, the cargo 
spiraled around the actin in a leftward helix and had run lengths which were limited 
only by the length of the actin. This showed that the 3D nature of the cell was itself an 




hypothesized that motor teams would be capable of maintaining their directionality and 
overcoming an intersection obstacle when the motors are free to sample the 3D space 
surrounding the intersection. Our approach involved multiple motors being bound to 
physiologically relevant cargo (i.e. 350 nm liposomes) with these motors capable of 
diffusing across the cargo surface, and actin filaments being suspended in 3D. 
Interestingly, teams of myosin on the cargo surface maintained the cargo’s direction of 
travel when encountering an intersections so that the cargo was more likely to go 
straight through the intersecting filament acting as a geometric barrier. This outcome 
resembled the largely straight trajectories observed on cellular networks and allowed for 
a descriptive in silico model to explain the individual motor activity leading to this 
finding.  
In Chapter Three we explore how myosin Va motor teams are capable of 
navigating dense networks of actin filaments and the role actin filament polarity plays 
in promoting directed transport. A cellular network of entangled filaments might 
naïvely be thought of as arrays of individual intersections similar to those investigated 
in Chapter Two. However, when the number of nearby filaments increases, the 
geometry of the actin can quickly become more of a cage than a track by which cargo is 
moved.  The cell confronts this through the tight regulation of both filament density and 
polarization (Fig. 1-4). Indeed, in areas of the cell where the filament density is high, 
yet effective myosin Va transport is needed, a bias in the actin filament polarity is found 
to exist with actin filament plus-ends generally facing the exterior of the cell (Chhabra 




of our in vitro model and looking into the motion of cargos interacting with 2-7 
individual actin filaments simultaneously in 3D networks. We hypothesize that a bias in 
the polarity of the filaments within a network is needed to avoid opposing forces from 
motor teams bound to separate filaments. We test this by introducing a filament polarity 
bias into a 3D network and measuring what effect it has on the cargo’s modes of motion 
(e.g. directed vs. stationary).  We find that an increase actin filament’s polarity 
alignment allows for myosin teams to maintain directed transport when otherwise 
opposing forces would lead to stationary entrapment within a network.  
 Chapter Four contains a discussion of how the cargo, the motor, and the track 
are inexorably linked and are all an integral part of a versatile transport system for 
moving through the dense 3D cytoskeletal networks found in the cell. Specifically, we 
explore how the cell uses the fluidity of the cargo surface, the recruitment of myosin Va 
motor teams, and the 3D geometry of the actin filaments to finely tune the transport of 
intracellular cargo depending on cellular need. Additionally, we discuss future 
directions for the study of intracellular cargo transport using in vitro model systems. 
The work covered in this dissertation may serve as the foundation for the knowledge 
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 Intracellular cargo transport relies on myosin Va molecular motor ensembles to 
travel along the cell's three-dimensional (3D) highway of actin filaments. At actin 
filament intersections, the intersecting filament is a structural barrier to and an alternate 
track for directed cargo transport. Here we use 3D super-resolution fluorescence 
imaging to determine the directional outcome (that is, continues straight, turns or 
terminates) for an ∼10 motor ensemble transporting a 350 nm lipid-bound cargo that 
encounters a suspended 3D actin filament intersection in vitro. Motor–cargo complexes 
that interact with the intersecting filament go straight through the intersection 62% of 
the time, nearly twice that for turning. To explain this, we develop an in silico model, 
supported by optical trapping data, suggesting that the motors' diffusive movements on 
the vesicle surface and the extent of their engagement with the two intersecting actin 























The final step in the delivery of secretory vesicles such as insulin granules to the 
cell membrane relies on myosin Va (myoVa) molecular motors to manoeuvre their 
cargo through the cell's cortical actin meshwork (Fig. 2-1a) (Gross et al., 2002; Hammer 
III & Sellers, 2011). The actin cortex is a dense, three-dimensional (3D) cytoskeletal 
highway in which the plus-ends of individual actin filaments are biased towards the cell 
membrane, which is the direction in which myoVa travels (Welch & Mullins, 2002). 
However, this seemingly random highway, with its numerous actin filament 
intersections, makes efficient straight-line cargo delivery from point A to B 
directionally challenging (Fig. 2-1a). In addition, the actin cortex can act as a structural 
barrier to transport when cargo diameters approach the mesh size of the dense actin 
network (Guo et al., 2013; Kanzaki, Watson, Khan, & Pessin, 2001). Therefore, the 
need to define how myoVa motor ensembles deliver their cargo in a directed manner is 
emphasized by myoVa genetic mutations leading to mislocalized cargo such as 
melanosomes and endoplasmic reticulum in melanocytes and Purkinje neurons, 
respectively (Wagner, Brenowitz, Hammer III, 2011), which in turn cause albinism and 
neurological defects in humans (Pastural et al., 1997) and the dilute mouse.Due to the 
complexities of studying myoVa cargo transport in cells, investigators have 
characterized how individual myoVa or ensembles of these motors transport non-
physiological cargo in vitro (for example, silica beads, DNA scaffolds) along single 
actin filaments (Baker et al., 2004; Rief et al., 2000; Warshaw et al., 2005; Yildiz et al., 




understanding how myoVa motor ensembles meet the mechanical and directional 
challenges of the cell's complex 3D actin cytoskeleton, we create an in vitro 3D network 
of suspended actin filaments with numerous intersections (Fig. 2-1c). This network is 
Figure 2-1: Ensembles of myoVa motors navigate lipid-bound cargo through 
complex 3D actin networks. (A) Schematic of granule (yellow) transport by 
myoVa ensembles through the actin cortex. Transport from A to B (red arrow) 
presents a number of physical and directional challenges. (B) Zoom in from A. 
Multiple-myoVa motors (black) are bound and free to diffuse (dashed arrows) on 
the surface of a lipid-bound cargo (yellow). One or more motors at different 
regions on the cargo surface (green) can simultaneously engage a single filament. 
In this illustration two sets of motors interact with individual actin filaments (blue, 
magenta) and undergo a tug-of-war to determine the direction of cargo transport. 
(C) STORM image of 3D actin network and intersections created by stringing 
actin between 3 μm beads; Z-position shown in colour. Scale bar: 2,000 nm. (D) 
Time sequence of liposome (yellow) transported by myoVa motors turning (red 
dashed arrow) at actin filament intersection. Actin Z-position is defined by the 
colour bar in B. Scale bar: 500 nm. (E) Liposome continuing straight through a 




designed to directionally challenge constitutively active myoVa motor ensembles 
transporting more physiologically relevant, lipid-bound vesicle cargos (Hariadi et al., 
2014; Rief et al., 2000). Motor–cargo complexes travelling along an actin filament that 
encounter and physically interact with a suspended intersecting filament continue 
straight through the intersection on the original filament it is travelling on 62% of the 
time. This is surprising given that the intersecting filament is both a structural barrier 
and an alternate track to travel on. To explain this observation, we develop an in silico, 
mechanistic model that describes the diffusive movement of motors on the vesicle 
surface, their engagement with the two intersecting actin tracks (Fig. 2-1b) and the 
ensuing ‘tug-of-war' between the two myoVa ensembles that eventually dictates the 




3D actin intersection and 3D myoVa transport characterization 
3D actin filament intersections were created by suspending actin filaments 
between 3 μm, poly-L-lysine-coated silica beads that adhered electrostatically to the 
glass surface of a microfluidic chamber (Methods section). By flowing fluorescent 
Alexa647-phalloidin-labelled actin filaments into the chamber through orthogonal ports, 
a sparse actin network was created with actin filaments running parallel to the glass 





Figure 2-2: Geometry of 3D intersections and directional outcomes of motor–
cargo complexes encountering actin intersections. (A) To scale schematic of a 
3D suspended actin intersection encountered by a motor–cargo complex where the 
approach angle (α) and filament separation (D) are defined. An α of 0° has the 
centre of the motor–cargo complex vertically above the original filament it is 
travelling on, which is the same side the intersecting filament is on. d is the centre-
to-centre distance between the two intersecting filaments at the point of the 
intersection. (B) Polar plot predicting whether or not a motor–cargo complex 
physically interacts with the intersecting filament as a function of d (0–250 nm) 
and α (0°–360°). To translate this plot into 3D spatial relations between the 
intersecting filaments and the motor–cargo complex, the illustration of the 
approach angle (α) in a is used as the point of reference. The originally-bound 
filament on which the motor–cargo complex is travelling on comes in and out of 
the figure at the graph's origin. The intersecting filament is horizontally in the 
plane of the figure at a filament separation, d, above the origin with α defined as in 
a. The magenta line is the predicted spatial boundary at which combinations of d 
and α determine whether or not the motor–cargo complex can physically interact 
with the intersecting filament. To scale examples of interaction and non-
interaction geometries are illustrated at their respective d and α. The coloured 
triangles for these examples are identified on the polar plot. (C) Fractional 
probability plot of motor-complex directional outcomes for experimental (solid 
bars, n=94) and modelled (slashed bars) data at 3D intersections with predicted 





focal plane was determined by 3D super-resolution STORM imaging with 5 nm 
precision (Methods section) (Huang et al., 2008; Kao & Verkman, 1994). Imaged 
filaments (Fig. 2-1c–e) demonstrate uniform colours along their length, reflecting a 
constant height for the actin filament along its entire length. By this approach, nearly 
perpendicular actin filament intersections (when viewed from above in a 2D projection, 
Fig. 2-1d,e) were formed with up to 250 nm centre-to-centre filament separation at the 
intersection (parameter d in Fig. 2-2a). Fluorescent DiI-labelled liposomes (∼350 nm 
dia.), comparable in size to physiological cargos (Dean, 1973), with ∼10 surface-bound 
myoVa motors (Supplementary Fig. 2-S1) were then introduced into the chamber. The 
ability for motors to diffuse on the liposome's fluid-like surface (0.92 μm2 s−1 (Nelson et 
al., 2014)) resulted in ensembles of motors assembling at sites of actin filament 
engagement, which distinguishes this study from most previous studies in which the 
motors' positions on the cargo were fixed and thus far from physiological (Hariadi et al., 
2014; Rief et al., 2000). The liposome transport trajectories were tracked in 3D with 
high spatial precision (17 nm X, 18 nm Y, 30 nm Z) and temporal (100 ms) resolution, 
using an intentionally induced optical astigmatism so that the shape of the liposome's 
fluorescent image defined its Z-position relative to the actin filament on which it 
travelled (Supplementary Fig. 2-S2).  
Directional outcomes at 2D experimental intersections (vertical striped bars, n=96) 
where the motor–cargo complex approached the intersecting filament on the 
bottom filament. Of the turning outcomes in the 3D experiments, left hand turns 
occurred 52% of the time with right hand turns the other 48%. For the model the 
left and right turn probability was equal. The model also predicts (inset) that the 
intersection directional outcomes are independent of the polarity of the 




Before encountering an intersection, motor–cargo complexes travelled at 
velocities of 423±24 nm s−1 (mean±s.e.m. n=67) with run lengths limited by the length 
of the actin filaments suspended between the beads (3.7±0.2 μm, mean±s.e.m., n=135), 
since nearly all runs terminated at a bead (Fig. 2-1c). When compared to single-motor 
run lengths (∼1 μm) (Baker et al., 2004; Nelson et al., 2014), multiple myoVa motors 
on the cargo surface must be simultaneously engaged with the actin filament (see 
below) to account for the nearly four-fold increase in run lengths. Motor–cargo 
complexes followed a spiraling path (average left-handed pitch: 2,160±40 nm, n=14; 
Supplementary Fig. 2-S3A,B) around the suspended actin filament, allowing the motor–
cargo complex to approach the intersection at any angle (parameter α in Fig. 2-2a) 
relative to the intersecting actin filament. Whether or not the liposome interacts with the 
intersecting actin filament at any point during its transit through the intersection is a 
simple geometric consideration, depending on the liposome diameter, its approach angle 
(α, Fig. 2-2a), and the filament separation (d, Fig. 2-2a). The geometries leading to 
whether an interaction occurs or not are graphically represented as a function of α and d 
on a polar plot (Fig. 2-2b). Given the liposome's 350 nm diameter, the motor–cargo 
complex will interact with the intersecting filament for all d between 0–225 nm as long 
as the motor–cargo complex approaches the intersection with an α<90° on either side of 
the original filament it is travelling on (Supplementary Fig. 2-S4). At approach angles 
greater than ±90°, there are certain combinations of α and d where the motor–cargo 
complex can't physically interact with the intersecting filament. Knowing the 




an intersection (that is, continued straight, turned or terminated) for those motor–cargo 
complexes (94 out of 103) that were geometrically predicted to interact with the 
intersecting filament (Fig. 2-2b), because those predicted not to interact with the 
intersecting filament (9 out of 103) went straight, as expected. For those that were 
spatially positioned to interact, 62% continued straight along the originally bound actin 
filament (Supplementary Movie 1), 33% turned (Supplementary Movie 2), while 5% 
either remained at the intersection or detached and terminated their runs (Fig. 2-2c). 
Interestingly, these directional outcomes are strikingly different compared with 2D 
intersections that are formed by adhering actin filaments directly to a glass surface. 
 
MyoVa transport at 2D actin intersections 
To create 2D intersections where one filament lying over the top of the other 
could be distinguished, two separate populations of actin filaments were fluorescently 
labelled with either TRITC- or FITC-phalloidin and then introduced into the 
microfluidic chamber in sequential order. In this assay, motor–cargo complexes that 
approached the intersection on the bottom filament preferred turning (51%, total n=96; 
Fig. 2-2c, Supplementary Fig. 2-S5D, Supplementary Movie 3) onto the upper filament 
at the intersection rather than continuing straight through (33%) (Fig. 2-2c, 
Supplementary Fig. 2-S5C, Supplementary Movie 4). To go straight would have 
required the motor–cargo complex to first transfer onto the intersecting filament (a step 
up of 7 nm) and then immediately transfer back down to the original filament. In 




complex continues straight (59%, total n=111) with a lower turning probability (31%) 
as would be expected given that the lower filament is no longer a steric hindrance, 
coupled with the motor–cargo's approach angle being geometrically limited to ±35° due 
to the glass surface (Supplementary Fig. 2-S5B,F,H). When approaching the 
intersection on the lower filament, changing the liposome's motor density or diameter 
resulted in only slight changes to the directional outcomes and, most importantly, never 
resulted in going straight being the predominant directional outcome (Supplementary 
Fig. 2-S5E,G). Therefore, a greater probability of going straight is unique to suspended 
intersections, and suggests that the 3D spatial relations between the motor–cargo 
complex and the intersecting actin filament influence the directional outcome. 
 
Mechanistic model of 3D transport and laser trapping 
To explain the 3D intersection data, we developed a mechanistic model that 
simulates the emergence and dynamic nature of motor ensembles on the liposome 
surface as they engage the suspended actin filaments and then mechanically interact to 
determine the directional outcome. In brief, the model assumes that the 350 nm vesicle 
and actin filaments are rigid and that 10 myoVa motors diffuse individually across the 
liposome's ideally fluid membrane surface (Supplementary Fig. 2-S8; Supplementary 
Methods). Each motor has elastic properties both in extension (1 pN nm−1) and torsion 
(0.25 pN nm rad−1) via their linkage to the liposome. Once bound to an actin filament, a 
motor takes 36 nm forward steps that are occasionally short (31 nm) or backwards 




experiences (Clemen et al., 2005; Kad et al., 2008; Lu, Kennedy, Warshaw, & Trybus, 
2010; Oguchi et al., 2010; Veigel, Schmitz, Wang, & Sellers, 2005). Resistive loads 
originate from partner motors within an ensemble attempting to transport the liposome 
simultaneously and from motors that form within a second ensemble and engage the 
intersecting actin filament (Fig. 2-1b). The fact that a myoVa motor can take a short 
step under resistive load (Ali et al., 2002; Lu et al., 2010) is the underlying basis for the 
predicted spiral trajectory (Supplementary Fig. 2-S3B, inset). This trajectory is similar 
in pitch (left-handed: 2,120±200 nm, (10 simulations, mean±s.d.)) to both the 
experimental observations reported here (Supplementary Figs 2-S3B and 2-S9) and that 
of a single myoVa on an actin filament tightrope or multiple motors bound to a glass 
surface (Ali et al., 2002; Beausang, Schroeder, Nelson, & Goldman, 2008). As a motor 
occasionally steps short on the actin helix, this motor within the ensemble places a 
torque on the liposome that is relieved once one of the other motors in the ensemble 
detaches, at which point the cargo re-centers itself over the remaining attached motors, 
biasing the liposome to follow a spiral trajectory. This cargo re-centering is one factor 
in the model that contributes to motor–cargo complexes travelling straight past an 
intersecting actin filament even if it presents a structural barrier (see below). 
The model predicts that even though ten motors rapidly diffuse on the 
liposome's surface, most often three engaged motors form an ensemble at their site of 
engagement to the actin filament (Supplementary Fig. 2-S10). This limited number is 
due to the geometric constraints dictated by the surface area of the liposome from which 




themselves. In fact, once one motor binds to actin, the spatial freedom of the liposome 
is restricted so that another motor joining the ensemble or engaging another filament is 
less probable (Fig. 2-S4d, Supplementary Fig. 2-S10). This three-motor ensemble 
prediction was experimentally confirmed by laser trapping a motor–cargo complex 
travelling along a single actin filament (Fig. 2-S4a; Methods section). For ease of 
trapping, 500 nm silica beads were lipid coated using the identical liposome preparation 
so that the lipid coating has the same membrane fluidity and motor surface density. 
Although 43% larger in diameter, this cargo's surface area from which motors can 
engage the actin filament is only 23% larger than that of the 350 nm liposomes. Once 
engaged, the motor–cargo complex moves until stalling due to the opposing force of the 
trap. Three distinct populations best described the stall force distribution with peaks at 
1.9±0.7, 4.1±0.6 and 5.9±0.4 pN (n=400). The lowest stall force population is 
presumably that of a single motor, given that 1.7±0.6 pN (n=28) stall forces were 
observed for experiments at limiting motor density (Fig. 2-S4c), which agrees with the 
1.8 pN forces we reported previously (Kad et al., 2008). Therefore, as predicted by the 
model for the liposome size and motor density of our experiments, no more than three 
motors can engage an actin filament (Fig. 2-S4c, d). 
 
3D intersection geometric analysis and modelling 
 
Finally, according to the model, the directional outcome at an intersection is the 
resolution of a simple ‘tug-of-war' between the motor ensembles engaged with each of 
the intersecting actin filaments, where the ensemble with the greater number of motors 




where both the liposome diameter (>350 nm) and motor number (>25) are higher than 
in the present system, resulting in deformation of the liposome at a 2D intersection as 
the liposome is being tugged in two different directions (Supplementary Fig. 2-S6). 
Figure 2-3: Heatmap of straight-to-turn ratio at 3D intersections plotted in 
polar coordinates as in Fig. 2-2b as a function of approach angle (α) and 
filament separation (d). Due to the symmetry in the system (see text), all motor–
cargo approach angles between 180 and 360° were mirrored onto 0–
180°(Supplementary Fig. 2-S12A). Straight-to-turn ratio from the experimental data 
(left half, n=103) and modelled data (right half, n=4,000) were sorted by α and d into 
four interaction regimes and one non-interaction regime with the number of events 
for the experimental results in parentheses. The straight-to-turn ratio in each regime 
is colour coded (see colour bar). In both the experimental and modelled data, straight 





The model was used to simulate trajectories that encompassed a range of 
approach angles (α: 0°–360°) and filament separations (d: 50–250 nm). When we 
matched these to our experimental observations, the model predicts (six simulations at 
each actin intersection, mean±s.d.) average directional outcomes of 61±5% going 
straight, 33±5% that turn and 6±4% that terminate, in good agreement with the 
experimental results for those motor–cargo complexes that geometrically are predicted 
to interact with the intersecting filament (Figs. 2-2c and 2-3, Supplementary Fig. 2-
S12B). Interestingly, these overall directional outcomes are independent of the plus-end 
orientation of the intersecting actin filament, that is, whether it faces left or right (Fig. 2-
2c, inset). Therefore, the turning direction is determined only by the polarity of the 
intersecting filament and not the side of the original filament the motor–cargo complex 
is travelling on (that is, α of 0°–180°versus 180°–360°). This might explain the equal 
probability of turning left or right experimentally (Fig. 2-2c) since there should be no 
bias in the actin polarity when the filaments are suspended from the beads. 
 
To gain additional insight into how the directional outcome may be influenced 
by approach angle and filament separation, we plotted the straight-to-turn ratio for the 
model and experimental data onto a polar plot, as in Fig. 2-2b. With the side of the 
original filament on which the motor–cargo complex approaches the intersection not 
affecting the directional outcome (see above, Fig. 2-2c, Supplementary Fig. 2-S12A), 
we simplified the plot by mirroring all motor–cargo complex approach angles onto a 




binned the straight-to-turn ratio into five spatial regimes. By visual inspection, in large 
part there is good agreement between the model predictions and experimental results 
with the straight-to-turn ratio being >1.0 over the entire range of α and d (Fig. 2-3). 
Therefore, regardless of the approach angle and filament separation, as long as the 
motor–cargo complex interacts with the intersecting filament, the probability for the 
complex to go straight is greater than the probability to turn. The model provides insight 
to this result. Prior to the intersection, the model predicts that two to three motors 
comprise the ensemble that is transporting the liposome. This ensemble restricts the 
liposome's spatial freedom as described above (Fig. 2-4d, Supplementary Fig. 2-S10), 
which in turn limits the number of accessible actin-binding sites on the intersecting 
filament that a second ensemble of motors from the remaining pool of diffusing motors 
on the liposome surface can bind (Fig. 2-4d). Therefore, the likelihood that this second 
ensemble can develop sufficient force to win the tug-of-war and result in a turning event 
is low. At this point, the original ensemble will attempt to go straight but will be 
prevented by the intersecting filament acting as a structural barrier (Fig. 2-4e, 
Supplementary Movie 5). Thus, the motor–cargo complex hesitates at the intersection 
and during that period the number of motors within the original ensemble can fluctuate 
due to a motor's stochastic rates of attachment (∼2.4 s−1) and detachment (∼0.35 s−1). 
With each motor detachment and new motor attachment, the liposome spatially re-
centers over the engaged motors and by doing so allows the liposome to change its 
approach angle (Fig. 2-4f,g) to the point where the intersecting filament is no longer a 





Figure 2-4: Measurement of motor–cargo complex force production and model 
simulations. (A) Schematic of laser trap experiments. (B) Displacement and force 
trace of motor–cargo complex moving against the restoring force of the laser trap 
(trap stiffness=0.019±0.004 pN nm−1) (Methods section). Saw tooth pattern arises 
from motors pulling the cargo until reaching a stall force (that is, plateau) and then 
detaching only to be repeated multiple times. (C) Histogram of peak force before 
reversal or detachment for cargo transported by multi-motors (green) and a single 
motor (blue). (D) Model predicted relative binding rate (red colour bar) for an 
additional myoVa motor (yellow) to available actin monomers, given 1 (top), 2 
(middle) or 3 (bottom) previously bound motors. Relative rate of binding for a new 
motor decreases with each additionally bound motor. (E–H) Illustration of model 
result showing how three motors (yellow) transporting lipid-bound cargo (blue) 
along an actin filament (green) can go straight even when an intersecting filament 
(red) acts as a physical barrier at the given approach angle (α) and filament 
separation (D). (F) Single-motor engages intersecting actin, resulting in a tug-of-war 
between motor ensembles attached to both filaments. (G) Stochastic motor 
detachment and binding leads to cargo repositioning. (H) With additional 
repositioning, the intersecting filament no longer acts as a physical barrier, thus 




filament (Fig. 2-4h). However, due to these stochastic motor number fluctuations in 
each ensemble, scenarios will arise in which the ensemble on the intersecting filament 
wins the tug-of-war, resulting in a turning event (Figs 2-1d, 2-2c and 2-3), which is far 
less frequent (Supplementary Movie 2-S6). 
 
DISCUSSION  
Although the simple 3D actin network and the motor–cargo complex described 
here are first steps to bridging in vitro model systems to intracellular cargo transport, 
additional complexities such as denser actin networks where the motor–cargo complex 
could interact with multiple actin filaments simultaneously will bring both technical and 
modelling challenges. The addition of different motor types (for example, kinesin) to 
the cargo and their respective microtubule tracks to the 3D filament network are 
exciting future directions. Based on the present in vitro and in silico efforts, the force 
generating capacity of motor ensembles, fluid membranes on intracellular cargos and 
the geometric organization of 3D actin networks are all linked and may contribute to 
insuring directed myoVa intracellular cargo transport. Changes to any of these 
properties could then provide the cell regulatory capabilities that might allow transport 
to be tuned to accomplish specific cellular functions.  
METHODS 
Liposome preparation and myoVa conjugation 
Phospholipid liposomes of 350 nm diameter, composed of (molor ratio) 84 parts 





2000), 5 parts cholesterol, 5 parts 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[4-(p-maleimidophenyl)butyramide] (MBP:PE) and 1 part carbocyanine dye DiI or DiO 
Cell-labelling Solution (Thermo Fisher Scientific) were created through extrusion using 
filter membranes (Nelson et al., 2014). In brief, the lipid mixture was mixed then dried 
under a nitrogen stream followed by 1 h under vacuum (Rotovap; Eppendorf). The 
mixture was then rehydrated to 5 mg ml−1 using PBS (137 mM NaCl, 2.7 mM KCl, 
10 mM Na2HPO4, 2 mM N KH2PO4) at pH 7.2. Using an Avanti Mini-Extruder 
(Avanti Polar Lipids), the liposomes were then extruded for 20 passes using a 1 μm pore 
diameter filter (Whatman). Liposomes were mixed with a final concentration of 1 μM 
thiolated Neutravidin (SH-NaV) and incubated at room temperature for 1 h to 
covalently conjugate the maleimide moiety of the MBP:PE within the liposome 
membrane to the thiol groups of the SH-NAV (Nelson et al., 2014). After incubation, 
excess SH-NAV was removed by centrifugation at 420,000 g for 10 min. Liposomes 
were re-suspended in PBS (pH 7.2) and extruded for 20 passes through a membrane 
with pore size specific to the desired final liposome diameter, which varied between 100 
and 650 nm (Supplementary Fig. 2-S1). A double headed, heavy meromyosin myosin 
Va (myoVa) construct was tagged at the C-terminus with an 88-aa biotin ligase 
recognition sequence (Hermanson, 2008). The myoVa was coexpressed with calcium-
insensitive calmodulin light chain using a baculovirus/Sf9 cell system and was purified 
using affinity chromatography to a C-terminal FLAG tag on the myosin heavy chain 




MyoVa motors were bound to the liposome exterior surface through the C-terminal 
biotin on the myoVa construct binding to the SH-NaV, which is bound to the liposome 
(Nelson et al., 2014). Specifically, motors (3.3 μl, 500 nM) were conjugated to 350 nm 
DOPC liposomes (10 μl of 3.9 nM) with 6.7 μl of buffer (25 mM imidiazole, 4 mM 
MgCl2, 1 mM EGTA, 25 mM KCl, 10 mM DTT, with 1 mg ml-1 bovine serum albumin 
(BSA)) and incubated for 15 min at room temperature. 
 
Determination of liposome size and density of bound motors 
Liposome size was determined by dynamic light scattering (Selser, Yeh, & 
Baskin, 1976). Liposome diameter was measured using a Wyatt Technology DynaPro 
model MSX-TX on suspended liposomes in phosphate buffered saline at pH 7.4. The 
measured liposome diameter was analyzed using Dynamics V6 software and 
determined by comparing the measured diameter to a standard curve created using 
polystyrene beads of known size (Supplementary Fig. 2-S1D,E). To estimate the 
number of myoVa motors conjugated to each liposome we used an alternative myoVa 
construct that in addition to its C-terminal biotin was the presence of an N-terminal 
Yellow Fluorescent Protein (YFP) on each motor domain (YFP-myoVa) 
(Supplementary Fig. 2-S1A) and employed a fluorescence photobleaching approach 
described extensively in Nayak and Rutenberg (Nayak & Rutenberg, 2011). To apply 
this method to our system, the YFP-myoVa was conjugated to the DOPC liposomes as 
described above. The liposomes were then imaged on a bare glass surface, using total 




liposomes landed on the glass surface, the integrated intensity of each liposome was 
measured along with the intensity decay over time as the YFP fluorophores on the YFP-
myoVa photobleached (Supplementary Fig. 2-S1B). The intensity per fluorophore (v) 
was then calculated using equation (6) from Nayak and Rutenberg (2011),  
 
where σI is the ensemble fluorescence intensity variance across time t, I0 is the 
integrated intensity at time zero (at liposome landing) and p is defined as 
exp(−t/fluorescence decay rate). From the initial intensity (I0), the number of YFP-
myoVa (n) is then calculated according to n=2I0/v. This resulted in an average of ten 
motors per liposome for the above mixing ratio (Supplementary Fig. 2-S1C). By 
varying the motor incubation density to liposome ratio between 32 and 256:1, we 
confirmed that this resulted in varying numbers of motors per liposome as required for 
the different experimental conditions (Supplementary Fig. 2-S1C). 
 
2D actin filament intersections motility assay 
The creation of 2D actin filament intersections was achieved in a flow chamber 
by the following steps as described previously (Ali et al., 2007; Baker et al., 2004). (i) 
The glass surface of 20 μl flow cells were coated with N-ethyl maleimide-modified 
skeletal myosin in myosin buffer (0.3 M KCl, 25 mM imidazole, 1 mM EGTA, 4 mM 
MgCl2, 10 mM DTT, pH 7.4). (ii) 3 × volume actin buffer (AB) wash (25 mM 




glucose, 40 μg ml−1 glucose oxidase, 27 μg ml−1 catalase, 100 μg ml−1 creatine 
phosphokinase, 1 mM creatine phosphate). (iii) 20 μl AB buffer with 1 mg ml−1 BSA. 
(iv) 3 × volume AB wash. (v) 20 μl 100 nM TRITC-phalloidin-labelled actin filaments 
in AB. (vi) 3 × AB wash. (vii) 20 μl 100 nM FITC-phalloidin-labelled actin filaments in 
AB. (viii) 3 × volume AB wash with 1 mM NaATP. Chicken skeletal actin was used for 
all experiments and prepared as described previously (Pardee & Spudich, 1982). 
The actin filament intersections bound to the glass surface were imaged at an 
exposure time of 100 ms using epifluorescence. Under intense excitation the FITC-
phalloidin actin quickly photobleached, which allowed for the later imaging of DiO-
labelled DOPC liposomes that share a similar excitation and emission spectra to FITC. 
At intersections, one can distinguish between the top and bottom filament knowing the 
sequential order in which the fluorescent actin filaments were introduced into the flow 
cell. Specifically, TRITC-phalloidin-labelled actin were introduced first followed by the 
FITC-phalloidin-labelled actin. After imaging the actin intersections, myoVa-bound 
350 nm DiO-labelled liposomes with an average of 10 myoVa motors diluted 200 × into 
AB with 1 mg ml−1 BSA and 1 mM NaATP to a final concentration of 100 pM, were 
added to the flow chamber and imaged. Run length and velocities were determined from 
independent filaments which contained no actin–actin intersections. Run lengths were 
determined using a Kaplan–Meier survival estimator (Kaplan & Meier, 1958) since a 
large fraction of liposomes reached the end of the actin before terminating. Velocities 
for these experiments were calculated by first measuring the distance travelled using the 




the travel time. 2D experiments as presented in Fig. 2-2c were performed three times 
with different preparations on separate days to ensure repeatability. 
 
3D actin tight rope and intersection assay 
Silica beads of 3 μm diameter were used to suspend single actin filaments off the 
glass surface. To adhere the actin to the beads, the beads were incubated under mild 
agitation in a solution of 400 μg ml−1 poly-L-lysine for a minimum of 12 h at room 
temperature. The beads were then washed extensively in 1 M TRIS pH 8 buffer and 
diluted to a final concentration of 1% solids. The beads were then passed into a custom 
flow chamber with orthogonal inflow ports and an internal volume of ∼30 μl and then 
allowed to settle to the glass surface and attach electrostatically. This was followed by a 
3 × volume wash with 1 M TRIS pH 8 and then a 2 min incubation of AB–BSA buffer. 
Alexa 647 phalloidin-labelled actin (100 nM) was then flowed into the chamber and 
allowed to incubate for 2 min before being washed out. The flow helped to string actin 
filaments between beads. To create actin intersections, actin was introduced through the 
orthogonal inflow ports followed by a single AB wash. 3D STORM imaging of the 
actin filaments was performed in AB buffer with 1 mM NaATP and 77 μg ml−1 of beta-
mercaptoethylamine. This buffer was identical to the buffer used for imaging liposomes 
with the exception of the mercaptoethylamine. MyoVa coated DiI-labelled liposomes 
were diluted 400 × to a final concentration of 50 pM and then very gently introduced 






Fluorescent liposomes were imaged in both 2D and 3D experiments at an 
exposure time of 100 ms. 2D intersection experiments were performed using a 
customized Nikon Eclipse Ti U microscope and labelled actin and liposomes were 
excited using a Prior Lumen 200 epi-fluorescent lamp. The microscope was equipped 
with a Nikon 100 × /1.49 N.A. Plan Apo objective lens and a CCD camera (model 
Turbo 620 G; Stanford photonics) and image intensifier (model VS4-1845; Video 
Scope International). Experiments investigating the 3D helical trajectory of motor–
cargo complexes moving on suspended actin filaments were performed on a modified 
Nikon TE-2000 inverted microscope equipped with a Nikon 100 × /1.49 N.A. Plan Apo 
objective lens and a Stanford Photonics XR/Turbo G intensified CCD camera, using 
Piper software for image acquisition. A removable 1 m focal length cylindrical lens was 
installed between the camera relay lens and the camera for 3D imaging, and a Custom 
Z-axis focus lock controller using optical feedback piezo stage control was used for all 
3D helical trajectory experiments. 
For 3D intersection assay, 3D STORM images were acquired using a Nikon N-
STORM super-resolution microscope system using a 647 and 405 nm laser for 
excitation of Alexa 647-phalloidin-labelled actin and 3D cylindrical lens added to the 
light path. 
 




Approximately 20,000 images were collected to generate the actin super-
resolution 3D reconstruction. Minimum and maximum intensity thresholds were 
determined on a slide-to-slide basis, however, fluorophores with an axial ratio greater 
than 1.3 were eliminated from the Nikon software reconstruction. DiO-labelled 
liposomes navigating the actin–actin intersections were excited using a 532 nm laser. 
The built in NIS Nikon drift correction software and perfect focus systems were applied 
to ensure alignment of the liposomes and actin within the same imaging plane over the 
duration of any individual imaging session. Images of actin intersections and liposomes 
were performed by overlaying the liposome movie images to the super-resolution 
reconstruction using ImageJ. The 3 μm silica beads were visible in both the actin and 
liposome imaging channels and were used as fiducial markers to safeguard against 
image drift in addition to the Nikon drift correction system. The Z-position of actin 
filaments and their relationship to each other in 3D intersection experiments were 
determined by selecting and averaging the Z-positions stored in the Nikon 3D 
reconstruction particle table for specific regions of individual actin filaments (see more 
on filament separation calculation below). A Z-position lookup table to correct for 
chromatic aberrations was created using multi-colour beads adhered to the glass surface. 
The lookup table was generated by imaging these beads in different colour channels 
while stepped through different Z-positions (±400 nm) using the piezo stage. In 
addition, the four silica beads supporting the actin filament intersection were visible in 
all colours of the 3D experiments and served as fiducial markers. By aligning these 




with the actin filament and liposome imaging, we successfully corrected the images in 
X and Y as well. 
 
Liposome position 
Raw tiff images of fluorescent liposomes were fit to a two-axis elliptical 
Gaussian using the Localizer program (Dedecker, Duwé, Neely, & Zhang, 2012) in 
Matlab. The normalized vertical and horizontal axis fits of the fluorescent particles were 
then referenced to a calibration curve derived from fits from known fluorescent particles 
stepped from −400 to +400 nm using a piezo stage (Supplementary Fig. 2-S2) 
(Henriques et al., 2010). The difference between the index of refraction between the 
glass surface and the buffer results in an error in the apparent Z-position and was 
corrected by applying a rescaling factor of 0.79 to Z-localizations which was 
determined using the description provided in Huang et al. (2008). This correction is 
applied by default into the Nikon NIS software. The resulting analysis provided the 
liposome's trajectory of X–Y–Z position in time. The effective accuracy of determining 
the liposome 3D positions was estimated by binding liposomes, via myoVa, to 
suspended actin filaments in AB at 0 μM ATP. This created tightly bound, stationary 
liposomes, which were imaged and analysed as described above. An example of these 
data is plotted on a 3D graph of X,Y,Z and the accuracy of the localization was 
determined by calculating the s.d. across each spatial dimension, that is, 17 nm in X, 
18 nm in Y and 30 nm in Z (Supplementary Fig. 2-S2C,D). Because the measurement 




experiments, the reported liposome localization precision in the 0 μM ATP condition 
represents the uncertainty due to the combined movements of the vesicle attached to the 
suspended actin filament through the myosin motors and the filament itself. 
For experiments investigating the 3D helical trajectory, all liposome X–Y–Z 
position versus time trajectories were transformed so that the direction of motion was 
identically aligned to the Y direction. All trajectories were plotted in 3D space using the 
PyMOL Molecular Graphics System, Version 1.7 (Schrödinger, LLC) as in 
Supplementary Fig. 2-S3. To determine if the trajectories were helical or non-helical, 
the X- and Z-positions in time were then fit to a sinusoidal function of the general 
equation G(t)=A × sin(ω × t+ϕ), where G(t) is either the X- or Z-position as a function 
of time t, A is Amplitude, ω is 2 × π × frequency and ϕ is the phase. Z-fits were 
constrained to have an amplitude between 50 and 500 nm and a frequency between 
0.001 and 10 s−1 as demanded by the limitations of the imaging conditions, geometric 
constraints and known properties of myoVa. Goodness of fit was determined by root 
mean squared deviation. Trajectories, which failed to converge under these conditions, 
were considered to be non-helical. The helical trajectory was determined to be left-
handed or right-handed by comparing the relative phase shift between the sinusoidal X- 
and Z-position fits. In addition, the 3D PyMOL visualization served as a validity check 
for this analysis as the helical trajectories and handedness were visually apparent as 
compared to the non-helical trajectories which appeared linear when plotted. Velocities 
along the Y-axis for helically rotating particles were calculated using a linear fit to a 





Directional outcomes at actin filament intersections 
In both 2D- and 3D-intersection experiments, intersection directional outcomes 
were determined by overlaying the movies of myoVa-bound liposomes over the actin 
tracks. A trajectory terminated if the liposome diffused away from the actin filaments 
while the liposome was positioned over the intersection's spatial center in the 2D 
experiments or in the 3D experiments when the 3D spatial position of the liposome was 
such that it would be physically interacting with the intersecting filament. ‘Straight' 
events were defined by the liposome exiting the intersection on the originally bound 
filament and a ‘turn' event when exiting on the intersecting filament. Turns were 
determined to be ‘left' or ‘right' by defining the intersection from the perspective of a 
viewer looking top down so that the intersection formed the cardinal directions of a 
compass. In this analogy, all trajectories were aligned so vesicles would start at ‘South' 
and move ‘North' towards the intersection. Turning right at the intersection would be a 
turn toward ‘East'; turning left would be a turn toward ‘West'. 3D experiments as 
presented in Fig. 2-2c were performed 23 times with different preparations on separate 
days to ensure repeatability. 
 
Liposome approach angle and intersecting filament separation 
For 3D intersection experiments, the approach angle was determined by using 
the Pythagorean relationship between the measured 3D positions of the originally bound 




intersection's centre (Fig. 2-2a). Approach angles (α) were calculated relative to the 
actin filament intersection. A 0° approach angle represented a fully vertical liposome 
travelling on the same side of the actin filament as the intersecting actin filament, while 
180° represented a liposome travelling on the opposite side of the actin filament away 
from the intersecting actin filament (Fig. 2-2a). A propagation of error calculation was 
performed on the approach angle using the uncertainties on the actin filament position, 
liposome position and radius of the liposome. The error was calculated to be a function 
across the possible values of approach angle from 0 to 180°. The maximum error was 
calculated to be ±11.6° at approach angles of 0 and 180° and the minimum to be ±3.5° 
at an approach angle of 90°. The average error across all angles was ±7.9°. Filament 
separation (d) represented the centre-to-centre perpendicular distance between the two 
intersecting actin filaments at the point of the intersection (Fig. 2-2a). The mean Z-
position of each filament comprising the intersection was determined from the STORM 
3D fluorophore localizations within region of interest volumes on both sides of the 
intersection (see Supplementary Fig. 2-S14 and legend for additional details). Once 
obtained, the filament separation at the intersection was simply the difference between 
the two filaments' Z-positions. The reported directional outcomes data are only for 
intersections that had a filament separation <250 nm, as larger separations could lead to 
spatial geometries beyond our calibrated Z-position range. 
 




Supplementary Fig. 2-S4 describes the spatial geometries that predict a physical 
interaction between the motor–cargo complex and the intersecting filament in relation 
to filament separation (d) and approach angle (α). As the liposome's approach angle 
increases from 0° (travelling on the same side of the actin filament as the intersecting 
filament) to an approach angle of 180° (travelling on the opposite side), the centre of the 
liposome follows an arc as the cargo rotates around the originally bound filament. A 
sinusoidal function is needed to predict the maximum filament separation at each 
approach angle, which would allow the motor–cargo complex to still interact with the 
intersecting filament (Supplementary Fig. 2-S4). 
 
 
Where dint is the maximum calculated filament separation in nanometres that an 
interaction would still be geometrically possible, A is the amplitude in nm, ω is the 
angular frequency in radians per seconds, α is the approach angle, φ is the phase in 
radians and s is a vertical offset for the length of a myoVa. The equation calculates dint 
as a function of approach angle, α, using the vesicle diameter (350 nm Supplementary 
Fig. 2-S1), and the estimated reach of a surface-bound motor to an actin filament (that 
is, length of myoVa HMM (50 nm)) (Trybus, 2008) to define the other constant 
variables. For example, at approach angle of 0 the maximum filament separation, dint, 
would be 450 nm:50 nm for the myoVa bound to the original filament, 350 nm diameter 
of the cargo and 50 nm for the reach of a freely diffusing motor on the surface of the 





Heat map of 3D intersection outcomes 
Figure 2-3 superimposes the directional outcome data at an intersection onto the 
polar plot (Fig. 2-2b) that identifies the spatial geometries of the motor–cargo complex 
relative to the intersecting actin filament (that is, approach angle (α) and filament 
separation (d)) that predict the potential for a motor–cargo complex interacting with the 
intersecting filament. Specifically, a straight-to-turn ratio (Fig. 2-3) was calculated by 
dividing the total number of straight events by the total number of turns observed within 
each of five geometrically defined regimes. The demarcation for four of these regimes 
attempted to create relatively equal spatial zones for geometries that resulted in a 
motor–cargo complex interacting with the intersecting filament. For these the 
boundaries were an α of 60° and a filament separation of 125 nm. 
 
Force development measurement by laser trapping 
The liposome preparation used in all other experiments was first completed in 
full then the following additional steps were taken which were modified to our purposes 
from Mornet et al. (Mornet, Lambert, Duguet, & Brisson, 2005) and Bayerl and Bloom 
(Bayerl & Bloom, 1990) to produce lipid-coated silica beads used in the optical trap. 
Liposomes were diluted 3 × into a buffer of 10 mM HEPES, 150 mM NaCl. The 
liposomes were sonicated with a model 550 Fischer scientific sonic dismembranator 
using a 1/8′ probe tip in 0.5 s on–off pulses for 10 min while being protected from 




centrifuged at 5,000 g for 10 min to remove any metal shards from probe tip sonication. 
An aliquot of 50 μl of 500 nm diameter silica beads, at a concentration of 2% solids 
(Duke Standard) was rinsed with (1 ml) methanol, then vacuum dried and then re-
suspended into 200 μl of 10 mM HEPES, 150 mM NaCl buffer. The liposomes were 
incubated at 60 °C for 2 min then mixed with the silica beads. The bead–liposome 
mixture was vortexed then shaken for 1 h to ensure adsorption of the lipid bilayer onto 
the glass beads. Lipid-coated silica beads were separated from free liposomes by 
centrifugation at 5,000 g for 3 min, removing the supernatant and then re-suspending the 
pellet in 200 μl of PBS pH 7.4. This was repeated for a total of three washes before final 
suspension of lipid-coated silica beads in 200 μl of PBS (pH 7.4). Liposomes were 
conjugated with myoVa in the same manner and concentration as described above, with 
the exception of the limiting motor condition used to define unitary stall force of a 
single motor. 
Laser trap data were captured by a custom built laser trap system that is also 
equipped for simultaneous TIRF imaging (Lu et al., 2010). The system is based on a 
Nikon TE2000 inverted microscope equipped with a 100 × PlanApo 1.49 N.A. 
objective, and a 2.5 W 1,064 nm trapping laser (Spectra Physics, Santa Clara, CA), 
which can be steered by an acoustic optical deflector (AOD, Neos Technologies,Inc.). 
The brightfield image of the trapped bead is projected onto a quadrant photodiode 
detector (QPD), providing bead X- and Y-positions, which were filtered to 4 kHz and 
recorded following analogue to digital (A/D) conversion. The system provides 




a 488 nm argon ion laser for excitation (Spectra Physics, Santa Clara, CA). The 
fluorescence image was projected onto an intensified CCD camera (XR-Mega S30; 
Stanford Photonics, Stanford, CA). 
Experimental buffers and conditions were identical to those described above 
under the heading ‘2D Intersections Motility Assay.' In brief, after flow cell preparation, 
individual beads were visually identified and trapped in solution (AB with 1 mM 
NaATP) above the slide surface. Calibration of the trap stiffness, particle size and 
detector response was performed for each bead according to the procedure described 
previously (Tolić-Nørrelykke, Schäffer et al. 2006). For this calibration, the trapped 
bead's location is oscillated using the AOD (10 Hz, 113 nm amplitude) and a power 
spectrum is calculated for the resulting QPD signal (Supplementary Fig. 2-S7A). Using 
the ‘spike' in the power spectrum at 10 Hz, the detector response calibration is 
calculated according to equations (12–14) from the study by (Tolić-Nørrelykke et al., 
2006). Subsequently, the trap stiffness is calculated according to equation (15) (Tolić-
Nørrelykke et al., 2006), with values from fitting equation (9) (Tolić-Nørrelykke et al., 
2006) to the measured power spectrum. Trap stiffnesses ranged from 0.013 to 
0.024 pN nm−1 (mean=0.019±0.004 pN nm−1). The linear range of the QPD detector was 
determined by steering a trapped bead (using the AOD) across the full range of the 
detector. The resulting scan (Supplementary Fig. 2-S7B) demonstrates that the detector 
response is linear with the bead's position over a range of 500 nm. After calibration of 
detector response and trap stiffness, each bead was then lowered to a surface-




displacements of the bead from the trap centre were observed with the displacement 
direction an indication of the actin polarity. To ensure that the bead's full range of 
motion remained within the linear range of the QPD detector, the trap centre was slowly 
repositioned towards the actin's presumptive ‘pointed' end, using the AOD, so as to 
maximize utilization of the linear range of the QPD. The largest recorded bead 
displacement was 386 nm from the trap centre, which is within the detector's linear 
range. Peak forces generated by the myoVa motors against the stiffness of the trap were 
identified as the maximal force within a 250 ms-wide sliding window, such that the 
velocity over the first half of the window (125 ms) was >50 and <−50 nm s−1 in the 
subsequent 125 ms (Fig. 2-4b). 
Under multiple motor conditions, 400 peak forces were identified from seven 
beads (representing three separate bead preparations). Under limiting motor conditions, 
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Supplementary Figure 2-S1. 
Determination of Liposome Size and Motor Density. (A) Cartoon of the expressed 
myosin Va HMM construct with a C-terminal biotin and a N-terminal YPF. 
Representative fluorescence photobleaching time course for a single myoVa.  Two 
distinct stepwise photo-bleaching events indicate the presence of two YFP per myoVa 
dimer. (B) Time course of integrated YFP fluorescence intensity decay for a 350 nm 




motors/µm2 of liposome surface area. (C) Results for number of myoVa motors per 
liposome assuming two YFPs per myoVa dimer (mean±s.d.). (D) Normalized frequency 
histogram of measured liposome diameters by Dynamic Light Scattering (DLS) for 
liposomes assumed to be 350 nm diameter. (E) Graph of DLS measured liposome 
diameters (red circles) made with three different sized extrusion filters compared to 
DLS measured diameters of National Institute of Standards and Technology (NIST) 
traceable size standard polystyrene beads (blue circles) The standards were used to 
create a calibration fit line (Dashed). Based on the calibration, liposomes extruded 
through 200 nm, 400 nm and 650 nm filters gave the following estimated liposome 


















upplementary Figure 2-S2. 
Z-position determination. (A) Fluorescence images showing the change in ellipticity 
with Z-position as a result of introducing a cylindrical lens into the light path. (B) 
Calibration curve of image heights and widths as a function of Z for 350 nm liposomes 
bound to actin filaments by myoVa motors in rigor (0 nM ATP). Each point represents 
the average from 4 liposomes. (C) Three-dimensional localization of a fluorescent 
stationary liposome bound to suspended actin. (D) Histograms of the distribution in X 
,Y, and Z  and Gaussian fits to the distribution overlaid. The standard deviation of the 













Supplementary Figure 2-S3. 
3D tracking of motor-cargo complexes on suspended actin filaments. (A) Time 
sequence of a fluorescently-labeled liposome (blue) image with optically induced 
astigmatism allowing the Z-position to be defined as the liposome moves along an actin 
filament. Yellow circle with crosshairs shows the elliptical fit to the liposome’s 
astigmatic image. Scale: 500 nm (B) XYZ plot of the entire spiral trajectory in A with 
black points corresponding to specific images in A. The inset shows that the model 













Supplementary Figure 2-S4. 
Illustrations showing examples of spatial geometries where the filament separation 
leading to a motor-cargo complex interacting with the intersecting filament is dependent 
on the approach angle. (A) At approach angle of 0o, the cargo is on the same side of the 
originally bound filament as the intersecting filament. The maximum filament 
separation at which a surface bound myosin could still reach the intersecting filament is 
a sum of the 50 nm length of a myoVa HMM (Trybus, 2008) bound to the original 
filament, the 350 nm diameter of the liposome and the 50 nm length of a free motor on 
the surface of the liposome for a total of 450 nm. Filament separations above 450 nm at 
this approach angle would not result in motor-cargo complex interacting with the 
intersecting filament. When calculated across all approach angles the corresponding 
filament separation that is predicted to result in an interaction defines the line in the 
polar plots (Figs. 2-2B, 2-3) that is the boundary between a predicted interaction or not. 
(B) As approach angle increases, the cargo rotates around the originally bound filament. 
At an approach angle of 90o, the 50 nm length of the myoVa attached to the originally 
bound filament is purely in the Y-Direction and thus does not add to the filament 
separation predicting a motor-cargo complex interaction with the intersecting filament 
at this approach angle. Instead, the maximum filament separation for an interaction is 




the surface of the liposome for a total of 225 nm.  Because the line demarcating an 
interaction or not in the polar plots (Figs. 2-2B, 2-3) depends on approach angle, which 
is an effect of rotating around the originally bound filament, this boundary line 















Supplementary Figure S5. 
Surface bound, two-dimensional, actin filament intersections navigated by myoVa-
liposomes of varying size and motor density. (A) Illustration of set up and possible 
directional outcomes. Both actin filaments are tightly bound to the glass surface with 
known sequence of filament addition to the flow cell placing the red, TRITC-labeled 
filament on top of the green, FITC-labeled filament. (B) To scale cartoon indicating the 
maximum approach angle of ±35° possible at a 2D intersection due to the glass surface. 
(C)  Representative time course images of a straight and (D) a turn directional outcome. 
Lower actin filament (green); upper actin filament (red), myoVa bound lipid cargo 
(blue). (E) Directional outcomes at varying surface motor densities on constant sized 
liposomes from liposomes approaching only from the bottom filament and (F) only 
from the top filament. (G) Outcomes at varying lipid cargo sizes with constant 




Figure 2-S1C) from liposomes approaching only from the bottom filament and (H) 






























Supplementary Figure 2-S6. 
Time sequence from left to right of liposome at a 2D actin intersection under conditions 
promoting very large (>350 nm) and high motor density (>20 motors) liposomes 
(Supplementary Figure 2-S1). The liposome (blue) begins to split between the two actin 
filaments (red) until the tug of war is resolved and the vesicle snaps to the upper 


















Supplementary Figure 2-S7.  
Laser trap calibration and characterization of detector response. (A)Representative 
power spectrum for measurement of trap stiffness and detector response calibration.  
Dashed green line indicates fit of Eq. 9 from Tolic-Norrelykke et al. (2006).  For every 
trapped bead, the AOD is utilized to oscillate trap position in a sinusoid with a 
frequency of 10Hz and an amplitude of 113.6 nm (inset).  Resulting spike at 10Hz in 
power spectrum indicates detector response of 210.7 nm V-1 for this particular bead.  
Coupled with the frequency “rolloff” (1385Hz in this example) indicates a trap stiffness 
of 0.0235pN nm-1. (B) Characterization of linear range of QPD detector.  Using the 
AOD, a trapped lipid-coated bead was scanned across the full range of the detector.  
The resulting signal (black) was smoothed with a running median filter (100ms wide 
window, red line).  The 1:1 line (green) shows that the detector response is linear (to 











Supplementary Figure 2-S8.   
Model of an ensemble of myosin Va motors transporting a fluid vesicle along an actin 
filament.  A. The mechanical model.  Myosin motors, when not bound to actin (red), 
diffuse over the surface of the rigid vesicle (blue), whose surface is fluid.  The motors 
can bind to the rigid actin filament (bound motors in yellow, actin in green).  These 
bound motors then step along the actin filament.  As they step, the motors experience 
forces, defined by a simple mechanical model.  B. Simple mechanical model of a 
myosin Va motor.  Each motor contains a linear and a torsional spring, that resist 
extension and bending, respectively.  C. Mechanochemistry of myosin stepping and 
detachment.  Each motor, once bound, can step forward, step backward or detach.  
These rates depend on the amount of force, directed along the actin filament, that is 
applied to the motor.  D.  Mechanochemistry of myosin attachment.  Myosin's 
attachment to a specific actin binding site depends on the mechanical energy it would 
take for a myosin to bind, with a higher energy cost making binding less likely.  In this 
sample calculation, two myosin molecules are bound to actin and the relative 
attachment rate of a third motor at any actin binding site is color coded according to the 






Supplementary Figure 2-S9.   
Myosin ensembles transport cargo along a left-handed spiral, because each myosin 
motor occasionally takes a short step.  A.  An example spiral trajectory.  The position of 
the center of the vesicle (blue sphere) is shown every 0.1 second.  A left-handed spiral, 
with a pitch of 2.29 μm (green), reasonably describes this trajectory.  B.  Vesicles 
transported by a myosin ensemble follow spiral trajectories with the same pitch as 
vesicles transported by a single myosin motor.  The single molecule simulation result is 
calculated from the probability of myosin motors stepping one actin monomer short of 
the actin periodicity 22% of the time (ps = 0.22). C. Experimental results are from Ali et 
al. (2007)., (single molecule) and from our experiments (ensemble).  The probability of 
myosin motors stepping one actin monomer short of the actin periodicity predicts both 
single molecule and ensemble spiral pitch.  We performed four sets of simulations, 
varying the probability of myosin motors stepping one actin monomer short of the actin 
periodicity (ps = 0.21, 0.22, 0.32 and 0.45).  In all simulations, ensemble spiral pitch 
was similar to calculated single molecule spiral pitch (dashed line).  Ensemble 
simulation results are from ten simulations of 300 chemical reactions, mean distance 
traveled divided by mean number of rotations.  Error bars show standard error, 





Supplementary Figure 2-S10. 
Negative cooperativity in myosin binding to actin.  A. Calculation of attachment rate to 
binding sites on actin (Eq. 6) with one (top), two (middle) and three (bottom) myosin 
motors bound shows that the binding of myosin motors restricts the access of 
subsequent motors to actin binding sites.  When two or three myosin motors are bound 
to actin, attachment depends on the relative position of the motors.  Insets show a 
histogram of the overall attachment rate (the sum of the attachment rate over every actin 
binding site), relative to the overall attachment rate of a second motor, ka.  One hundred 
motor configurations are shown in each histogram.  B. The average attachment rate of 
an unbound myosin molecule strongly decreases as the number of actin bound motors 
increases.  The average overall attachment rate when 1-4 myosin motors were bound to 
actin was calculated for five simulations of motor ensembles transporting a fluid 
vesicle.  The overall attachment rate, averaged over all observed motor configurations, 
is shown relative to the overall attachment rate of a second motor ka.  C.  Strong 
negative cooperativity makes it rare for more than three motors to be simultaneously 
bound to actin.  For five simulations, we determined the proportion of time that 1-10 
myosin motors were simultaneously bound to actin. Simulation parameters are given in 





Supplementary Figure 2-S11. 
A stiff spring approximation reasonably describes the full model and greatly increases 
computational efficiency.  A. The stiff spring approximation describes the attachment 
rate to each binding site along actin.  For two bound myosin molecules, an exact 
calculation of the binding rate of a third myosin molecule to each actin binding site 
(top) compares well with a calculation that assumes myosin is inextensible (middle) and 
the difference between the two is small (bottom).  B.  The stiff spring approximation 
captures the negative cooperativity of myosin motors binding to actin.  Average overall 
attachment rate when 1-4 myosin motors were bound to actin was calculated for five 
simulations of motor ensembles transporting a fluid vesicle both using the exact model 
(solid line, hollow symbols) and using the stiff spring approximation (dashed line, solid 
symbols).  The attachment rate is averaged over all observed motor configurations and 
shown relative to the overall attachment rate of a second motor calculated using the 
exact calculation (ka).  Inset shows a histogram of overall attachment rates when two 




captures the distribution of attachment rates along with the average.  C.  The stiff spring 
approximation describes the proportion of time that different numbers of myosin motors 
are bound to actin.  For five simulations, we determined the proportion of time that 1-10 
myosin motors were simultaneously bound to actin using both the full model (solid line, 
hollow symbols) and the stiff spring approximation (dashed line, solid symbols). 
Agreement is reasonable, and the simulations take minutes rather than days.  Simulation 



























Supplementary Figure 2-S12. 
The model captures outcomes observed when myosin motor teams transporting a fluid 
vesicle encounter an actin intersection in 3D.  A. Results of a single simulated data set, 
showing approach angle from 0 to 360 degrees and filament separation. Results 
between 0-180 degrees and 180-360 degrees are nearly identical.  As in the 
experiments, there is no obvious relationship between filament separations, approach 
angle and whether the vesicle terminates, turns or goes straight; however, if the motors 
cannot interact with the crossing filament, they go straight.   B. The accumulated results 
of ten simulation runs agree with our experimental measurements.  Of the outcomes 
where an interaction between the motors and the crossing filament was predicted, the 
simulations show a preference for proceeding straight through the intersection, in 
agreement with our experiments.  Error bars are standard deviation; simulation 















Supplementary Figure 2-S13. 
Simulated fluid vesicles transported by a myosin ensemble prefer to go straight through 
a 3D actin intersection for a wide range of model parameters.  A. Varying myosin's rest 
length, l, and spiral pitch, PS, has little effect on directional outcomes.  Simulations with 
a shorter myosin rest length l = 35 nm and/or more frequent short steps ps = 0.33 (giving 
a spiral pitch, Ps = 1.5	μm) are not significantly different from measurements (p>0.05, 
χ2 test).  B.  Varying myosin's attachment rate, ka, and torsional stiffness, κθ, affects 
directional outcomes but the majority of outcomes are straight.  Bottom right shows the 
results of a series of simulations where ka and κθ were varied systematically.  Each 
symbol represents ten simulations of experimental measurements, with filled symbols 
showing simulations that are consistent with measurements (p>0.05, χ2 test) and hollow 




test).  The red symbol shows the parameters used in our simulations.  These simulations 
identify a region of parameter space that is consistent with our measurements (yellow).  
As attachment rate gets too large, more than 3 myosin motors will bind (blue).  Plots at 
top and left show directional outcomes with variable ka and κθ fixed at 0.25 pN nm rad-1 
(left) and variable κθ and ka fixed at 2.4 s-1  (top).  All simulations show a majority of 
straight trajectories.  Parameters not specifically mentioned are as listed in 
Supplementary Table 1, except ps = 0.33 (giving a spiral pitch of Ps = 1.5 μm).  
Outcomes reported are mean plus/minus standard deviation for 10 simulations. 

























Supplementary Figure 2-S14. 
Determination of actin filament separation at an intersection. Left: A 3D STORM image 
reconstruction from Figure 2-1E showing the suspended intersecting actin filaments at 
different Z-positions, as indicated by color (filament 1, blue; filament 2, magenta). Four 
regions of interest (ROIs) define spatial volumes on all 4 sides of the intersection. 
Right: Histograms of Alexa 647-phalloidin Z-positions associated with each filament’s 
combined ROIs (i.e., filament 1 (ROI 1A, 1B), filament 2 (ROI 2A, 2B)) are shown. 
These histograms suggest that the Alexa 647 fluors are uniformly distributed in Z-
position about the filament center. Therefore, each filament’s Z-position was taken as 
the mean Z-position for all fluors within the histograms and that the standard error of 
the mean (s.e.m.) estimated the precision.  For this example, the filament separation was 
186 ± 6.4 nm with the error determined by propagating the error associated with each 










Supplementary Table 2-1: Model Parameters. 
 
Symbol	 Value	 Description	 Justification	
















































1. A model of 3D transport by multiple myosin Va motors introduction 
To better understand and interpret our measurements of vesicles being transported 
by myosin Va motor teams, we constructed a mathematical model of the physical 
system.  While the model makes some simplifying assumptions, our aims were to both 
capture the essence of the system and to make the model physically consistent.  The 
following is a discussion of model assumptions and additional details of model results 
to supplement the main text. 
 
2.  Model and model assumptions 
The model contains three components, the vesicle, the actin filament(s), and the 
myosin Va motors.  Each myosin motor undergoes chemical reactions (i.e. stepping 
forward and backward along actin and detaching from actin) whose rate depends on the 
force applied to the motor.  Thus, to define the model, we must determine the forces on 
the motors as they attach to, detach from and step along the actin filament(s).  To 
determine these forces, we must create a mechanical model of each of the three 
components. 
Component 1: Mechanical model of the vesicle 
We model the vesicle as a rigid sphere, of radius R (Supplementary Figure 2-S8A).  
The surface of the vesicle is fluid, so that forces tangent to its surface cause the 




There is no attraction or repulsion between the vesicle and the actin filaments, other 
than steric constraints that keep the two from occupying the same space. 
 
Component 2: Mechanical model of myosin 
We model each myosin Va molecule as an extensible rod, of rest length l, anchored 
into the fluid surface of the vesicle by a deformable pivot (Supplementary Figure 2-
S8B).  The motor's extensibility is linear, with spring constant k.  The pivot, that 
connects the myosin motor to the vesicle, contains a universal joint with a torsional 
spring of stiffness κθ (Supplementary Table 1).  There is also a frictionless hinge that 
allows the motor to freely rotate about an axis normal to the surface of the vesicle.  The 
combination of pivot and torsional spring allows us to model the bending stiffness of 
the myosin molecule.  In particular, the spring and pivot work together to cause the 
motors to extend in the normal direction off of the vesicle and resist angular deflections 
in any direction equally. 
Naturally, myosin Va is not really an extensible rod.  Thus, myosin's rest length, l, 
and spring constant, k, might vary depending, say, on whether one or two heads are 
bound to actin, or on the state of each head.  Vilfan estimates ~ 34 nm for the total 
length of each lever arm and myosin head (Vilfan, 2005).  Since the coiled-coil might 
add a little to this length, we estimate l = 50 nm (we examine this assumption further in 
section 3.4).  Vilfan (Vilfan, 2005) also estimates the stiffness of a single lever arm to 




heads are bound, and force is applied vertically, stiffness should be higher than twice 
this value, so we estimate k = 1 pN/nm. 
 
When attached to actin, the motors can experience forces.  Since the vesicle is 
fluid, tangential components of these forces, FT, cause the motors to move relative to 
the vesicle surface at a velocity v = μ FT, where μ is a drag coefficient.  The anchoring 
point of the motor diffuses across the surface of the vesicle with diffusion constant D = 
μ kBT, where kB is Boltzmann's constant and T is the absolute temperature (Nelson et 
al., 2014) 
 
As we are interested in how motor teams transport fluid vesicles, we make the 
simplifying assumption that the vesicles are "ideally fluid."  That is, μ , so that 
diffusion is very fast and motors experiencing tangential forces slide very quickly.  This 
assumption contrasts with an "ideally solid" vesicle, where motors are anchored rigidly 
to the surface (μ 0).  The measured value of the diffusion constant, D = 0.92 μm2/s 
(Nelson et al., 2014) giving μ = 2.22x105 nm/pN.s, shows that diffusion is fast and that 
even modest tangential forces (~1pN) cause rapid sliding velocities (~ 200 μm/s). 
 
Component 3: Mechanical model of actin 
We model each actin filament as a rigid rod that is held rigidly in place.  Myosin 
binding sites are arrayed every 5.5 nm along a right-handed double helix, with a 




that a myosin motor, once bound, extends rigidly from the binding site.  This preferred 
orientation, which is orthogonal to the actin filament, rotates azimuthally with the actin 
periodicity (one full rotation every 72 nm, or 14 monomers). 
 
Calculating forces: rapid mechanical equilibrium 
Generally, the equations of motion for a small sphere in water are given by the 
Langevin equation 
 
0   dx
dt
Fext Ff          (1) 
 
where the first term on the right hand side is the viscous force on the vesicle, with 
γ	being a drag constant, Fext is the sum of the external forces on the vesicle and Ff is a 
stochastic fluctuating force, due to solvent collisions.  Since the fluctuating force is 
stochastic, this is a stochastic ordinary differential equation (ODE) and can be re-
written as a partial differential equation (PDE) in terms of a probability density (ρ(x,t)), 











       (2) 
 





In steady-state, the solution to this equation is ρ	=	NC	exp(V/kBT), where NC is a 
normalization constant.  This steady-state probability distribution is a good 
approximation of ρ for times that are long compared to the characteristic time scale 
L2/kBT, where L is a length scale, defined by the potential V.  When one or several 
motors move the vesicle, we expect that it will typically move L  36 nm when a motor 
takes a step, or L < R when a new motor attaches.  Thus, the upper limit of this time 
scale is R2/kBT  0.024 s (assuming Stokes' drag on the vesicle, and a vesicle radius R 
= 175 nm), and a more typical value is (36 nm)2/kBT  0.0010 s.  Typical vesicle 
velocities in our experiments were v  450 nm/s, giving a stepping time scale of 0.08 s, 
3-80 times longer than these time scales.  Therefore, we expect the steady-state solution 
ρ		NC	exp(V/kBT) to be a good approximation. 
 
Thus, in the model, we assume that ρ	=	NC	 exp(V/kBT).  To do so, after each 
chemical reaction (i.e. a myosin step, attachment or detachment), we calculate the new 
position of the vesicle/motor system by finding mechanical equilibrium (the position 
that minimizes V).  Since there may be times where multiple minima of V exist, we 
ensure that we find the most likely minimum by simulating the Langevin equation (Eq. 
1) neglecting the fluctuating force Ff, until the system approaches mechanical 
equilibrium.  We then perform a numerical root-find to solve        Fext = 0.  These 





Mechano-chemical model of myosin 
In the model, myosin motors can perform forward steps at a rate kstep, backward 
steps at a rate kback and detach at a rate koff.  All of these rates depend on the component 
of force on the myosin molecule that points along the axis of the actin filament, Fx 
(Supplementary Figure 2-S8C).  This force is assumed positive if in the direction 
opposing forward steps (e.g. Nelson et al.,2014). The reaction rates are (in s-1) 
 
         (3) 
 
                                  (4) 
 
       (5) 
 
All rates come from Kad et al. (2008), but we have introduced a scaling factor, s, 
that allows us to adjust motor velocity to be consistent with our measurements without 
affecting the motors' run length or stall force.  
 
When a motor steps, the position of the myosin molecule is moved forward 36 nm 
most of the time, but occasional 31 nm steps occur.  These infrequent short steps cause 
a single myosin motor to describe a spiral trajectory.  If the probability of taking a short 




rotation (14/ps) times the average size of a step (36(1  ps)+31ps), so that Ps = 
(14/ps)(36(1  ps)+31ps) nm. 
 
Besides stepping and detaching, myosin molecules attach to actin.  Given the 
assumption that diffusion across the surface of the vesicle is fast, this attachment rate 
for each motor is inversely proportional to the surface area of the vesicle, 4R2. Since 
myosin molecules likely attach to actin via a weak-binding intermediate, we assume 
that the attachment rate depends exponentially on the mechanical energy it takes for 
myosin to bind, E (Walcott, Turner, Woodward, & Debold, 2014). 
 
                                 (6) 
 
To determine this attachment rate, we calculate E for every binding site on actin 
that is not already occupied with a myosin molecule.  So, for a particular binding site, 
this requires finding the mechanical equilibrium configuration that would result from a 
motor binding to that binding site, calculating the energy of that configuration, and 
subtracting the energy of the current configuration from that value.  The results of an 
example calculation are shown in Supplementary Figure 2-S8D.   
 
Given the vesicle radius, Eq. 6 has one free parameter, k0.  Rather than specifying 
k0 directly, it is more convenient to specify an overall attachment rate, which is the sum 




number of myosin motors on the vesicle surface that are attached to actin, and the 
relative position of those attached motors.  However, when a single myosin molecule is 
bound to actin, the vesicle is always positioned directly over it.  Therefore, we define ka 
to be the overall attachment rate when one motor is bound (i.e. the attachment rate of a 
second motor).  We specify this value in our simulations (which then defines k0 in Eq. 
6). 
 
To simulate a molecule undergoing these interactions, we use the Gillespie 
algorithm (Gillespie, 1977).  Briefly, at each time step, we determine the time of every 
myosin molecule undergoing every possible chemical reaction (stepping forward, 
stepping backward, attaching and detaching) by picking random numbers from the 
appropriate distribution.  These times are then sorted, and the reaction with the shortest 
time is implemented and time is advanced by that time step.  In the original method 
(Gillespie, 1977), the next shortest reaction would be implemented, time advanced, and 
so forth.  However, since each reaction generally changes the forces on each attached 
motor, and since the reaction rate constants depend on these forces, after each reaction 
occurs we re-calculate all reaction times.  Importantly, this method gives the correct 








The model parameters are summarized in Supplementary Table 1.  We can 
estimate or calculate all but two: κθ and ka.  To estimate these parameters, we performed 
a sensitivity analysis (section 3.4).   
 
We also examined the sensitivity of the model to ps and l (see section 3.4).  Since 
the simulation results were insensitive to these parameters, we used parameter values 
that differ from those in Supplementary Table 1 for some simulations.  For example, we 
performed our sensitivity analysis of κθ and ka with ps = 0.33, which gives a spiral pitch 




We performed a series of simulations of this model of myosin motor ensembles 
transporting a fluid vesicle in three dimensions.  Here we focus on three specific results 
of these simulations.  First, because myosin molecules occasionally take a short step, 
simulated motor ensembles move vesicles along actin in a left-handed spiral.  Second, 
simulated myosin ensembles exhibit strong negative cooperativity when binding to 
actin; that is, the binding of one motor strongly decreases the binding rate of the next 
motor.  Third, simulated myosin ensembles prefer to proceed straight through 3D actin 




with our experimental observations.  We now discuss these three results, and then 
examine how the last result depends on parameters. 
 
3.1 Results I: spiral trajectories 
Because myosin takes an occasional short step, single myosin Va molecules follow 
a left-handed spiral trajectory with a pitch of 2.2 μm as they move along actin (Ali et 
al., 2002).  Given that most steps are 36 nm, and that these occasional short steps are 31 
nm, then a pitch of 2.2 μm corresponds to a probability of taking a short step ps = 0.22.  
When we simulated myosin motor ensembles transporting a vesicle along an actin 
filament, we observed spiral trajectories (Supplementary Figure 2-S9A).  These spirals 
had a nearly identical pitch to the single molecule (2.1 ± 0.2 μm, N=10 mean± s.e.m.).  
This result is consistent with our experimental measurements (Supplementary Figure 2-
S9B). 
 
Given the similarity between the spiral trajectories of vesicles being transported by 
single motors and vesicles being transported by motor ensembles, it seems likely that 
myosin's occasional short step is responsible for both.  To test this idea, we performed a 
series of simulations with variable short stepping probabilities (ps = 0.21, 0.22, 0.32 and 
0.45, corresponding to single molecule spiral pitches of 2.3 μm, 2.2 μm, 1.5 μm and 1.0 
μm, respectively).  In all cases, the spiral pitch for motor ensembles was similar to the 




that, in the model, myosin's occasional short step is responsible for the spiral trajectories 
observed for motor ensembles. 
 
3.2 Results II: negative cooperativity 
The model predicts strong negative cooperativity when myosin motors bind to 
actin.  In particular, when a single myosin motor is bound to actin, the vesicle can rotate 
around myosin's pivot (the pivot is shown in Supplementary Figure 2-S8B).  Although 
this rotation is resisted by myosin's torsional spring, the second myosin molecule has 
access to many binding sites on actin.  After that second myosin binds to actin, the 
motion of the vesicle is restricted, so that it can only rotate around a single axis (the line 
that connects the pivots of the two attached myosin molecules), and far fewer binding 
sites are available.  Binding of a third myosin molecule effectively freezes the 
configuration of the vesicle, so almost no binding sites are available (Supplementary 
Figure 2-S10A).   
 
In order to characterize this negative cooperativity, we quantified how myosin's 
attachment rate depends on the number of myosin molecules bound to actin.  Adding up 
the binding rates to each actin monomer gives an overall attachment rate.  When more 
than one motor is bound to actin, the distribution of available binding sites depends on 
exactly how the motors are positioned relative to one another.  Thus, there is a 
distribution of these overall attachment rates (Supplementary Figure 2-S10A, insets).  




myosin motors, we calculated overall attachment rate for a series of five simulations.  
We then determined when a given number of motors were bound, and found the 
average attachment rate.  We observed that, if the overall attachment rate is ka when one 
motor is bound, it decreases to 0.33ka when two motors are bound and further to 0.05ka 
when three or more motors are bound (Supplementary Figure 2-S10B). 
 
One result of this negative cooperativity is that even though 10 motors are 
available to bind, and even though these motors can diffuse over the surface of the 
vesicle, the model predicts that there are typically a maximum of three motors 
simultaneously bound to actin.  In fact, only 9% of the time are there four motors 
simultaneously bound to actin (Supplementary Figure 2-S10C), while there are 1-3 
motors simultaneously bound to actin the remaining 91% of the time.  We never saw 
more than four motors simultaneously bound.  Thus, at an actin intersection, we would 
not see a tug of war between two large groups of myosin motors, but rather between 
groups of motors comprised of a single motor and of two motors. 
 
3.3 Results III: crossing simulations 
3.3.1 Stiff spring approximation, increasing computational efficiency 
To compare the model to measurements of vesicles encountering actin 
intersections in 3D, we had to increase the efficiency of the simulations.  In particular, 
calculating of the binding energy for the calculation of attachment rates is 




system for myosin binding to each available actin binding site.  Finding the equilibrium 
position is not trivial, since even assuming mechanical equilibrium, one must 
simultaneously solve three non-linear equations (force balance in 3D).  Further, since 
the solution is generally not unique, one must identify the correct mechanical 
equilibrium point.   
 
To simplify the calculation, we made the approximation that myosin, as a linear 
spring, is very stiff.  Then, extension of myosin is energetically prohibited.  One can 
then easily find the equilibrium position of the vesicle by solving a geometry problem - 
i.e. if three myosin molecules are bound, where is the vesicle such that each myosin 
molecule is not extended?  Solving similar geometry problems for two and one bound 
myosin, we increase the computational efficiency by roughly 103, so that simulations 
that would take overnight can be completed in minutes.  One important consequence of 
the approximation is that four motors cannot bind concurrently, unlike the more 
complex simulations, where the binding of four motors is disfavored, but possible. 
 
To ensure that this stiff spring approximation was valid, we performed five 
simulations with the approximation (~15 minutes of computer time) and five 
simulations without the approximation (about a week).  The approximation does a 
reasonable job capturing details of attachment and the distribution of attached motors 





3.3.2 Simulation results 
We performed a series of experiments, observing motor teams navigating actin 
intersections in 3D (described in the main text and supplementary information).  All 
actin intersections were at approximately right angles; minimum separation between the 
filaments varied.  Since our model does not allow a single motor to step from one 
filament to the other, when comparing the model to these experimental data, we only 
considered experiments where the separation was 50 nm or greater.  With these large 
separations, a single myosin molecule can't simultaneously bind to both filaments.  
There are then 75 measurements, with separations ranging from 50-250 nm. 
 
To simulate these experiments, we started with a vesicle having a single motor 
bound to an actin filament.  We then put the crossing filament 2.0 μm away from the 
initial attachment point, and added random noise from a uniform distribution with a 
maximum of 1 and minimum of −1 μm, so that the crossing filament was initially 1 - 3 
μm from the initial attachment point.  We also randomized the polarity of the 
intersecting actin filament.  Thus, the initial approach angle is dictated by the stochastic 
motion of the motors that transport the vesicle.  Additionally, by placing the crossing 
filament some distance away from the initial attachment point, we ensure that the 
attachment/detachment of motors has reached steady-state. 
 
Each simulated encounter with an intersecting actin filament consisted of 300 




detachments).  For each simulation, we recorded whether the motion terminated 
(defined as a detachment within one vesicle diameter of the intersection), the vesicle 
continued straight (defined as all motors attached to the original actin filament, and the 
vesicle greater than one diameter from the intersection), the vesicle turned (defined as 
all motors attached to the new actin filament, and the vesicle greater than one diameter 
from the intersection), the tug of war did not finish (if motors were bound to both 
filaments), or the simulation was inconclusive (all other cases, e.g. detachment prior to 
the vesicle reaching the intersection).  We simulated 75 such encounters with an 
intersecting filament, in order to match the number of experimental measurements.  
Once all 75 simulations were complete, we re-ran all simulations where the tug of war 
did not finish or the simulation was inconclusive until we got a terminate, turn or 
straight result.    
 
In the simulations, we can control the separation between the filaments, but we 
cannot control the approach angle of the vesicle, since it is determined by the stochastic 
motion of the motors.  Thus, in order to approximate the approach angles observed in 
the experiments, we performed each of the 75 simulations, described above, five times.  
From these 375 simulations, we kept the 75 whose filament separations matched and 
whose approach angle were closest to the experimentally observed values.  
 
 We then repeated this process six times (a total of 2,250 individual simulations).  




we determined whether a myosin molecule would have access to the crossing filament.  
When a myosin molecule could bind to the crossing filament, we determined whether 
the vesicle went straight, turned or terminated, as we did for the experimental 
measurements.  In our simulations (Supplementary Figure 2-S12B), we found 61±5% 
straight (mean±s.d., c.f. 62% in the experiments), 33±5% turn (c.f. 33% in the 
experiments), and 6±4% terminate (c.f. 5% in the experiments).  Overall, the agreement 
is reasonable and the simulation results are not significantly different from the 
experimental measurements (p>0.05, χ2 test).   
 
3.3.3 Simulated experiments accurately reflect outcome probabilities 
Our six simulated experiments all had similar probabilities of going straight 
through, turning at, or terminating at an actin intersection, as demonstrated by standard 
deviations in each of around 5% (giving a s.e.m. of 2%).  To further examine whether 
our simulation results accurately reflect outcome probabilities, we examined all 2,250 
simulations and ran an additional 2,000 simulations.  Of these 4,250 simulations, 2,910 
had filament separations and approach angles where the vesicle was predicted to 
interact with the crossing filament.  For these, 60.0% went straight (c.f. 61±5% for the 
six simulations), 33.2% turned (c.f. 33±5%) and 7.2% terminated (c.f. 6±4%).  Thus, 
the model predicts that our experimentally observed outcomes accurately reflect the true 





3.3.4 Actin polarity does not affect outcome probabilities 
In our experiments, we found that the number of vesicles that turned left at an 
actin intersection (n=16) was almost identical to the number that turned right at an actin 
intersection (n=15).  This result suggests that actin polarity does not affect whether a 
vesicle turns or goes straight through an actin intersection.  In our six simulations, we 
also found no effect of actin polarity on the likelihood of turning.  Actin filaments with 
plus-ends to the left exhibited turns 31.0±8.4% of the time, while actin filaments with 
plus-ends to the right exhibited turns 33.4±4.5% of the time (differences not significant, 
p>0.05, t-test). 
To further investigate whether filament polarity had an effect on the outcome of 
a simulation (i.e. straight, turn, or terminate), we looked at the outcome of all 4,250 
simulated trajectories.  For all simulations where the plus-ends were to the left, and 
where a myosin molecule would have access to the crossing filament, the outcomes 
were straight 59.1%, turn 33.2%, terminate 7.8% (n = 1,378).  For all simulations where 
the plus-ends were to the right, and where a myosin molecule would have access to the 
crossing filament, the outcomes were straight 60.1%, turn 33.2%, terminate 6.8% (n = 
1,532).  Given the similarity of these percentages, we conclude that actin filament 







3.4 Sensitivity analysis 
The parameters used in our simulations were l  = 50 nm, ps = 0.22, ka = 2.4 s-1 and κθ = 
0.25 pNnm/rad.  We performed a sensitivity analysis to determine how our results 
depend on these parameters.   
 
3.4.1 Myosin rest length and spiral pitch 
Our best estimate for myosin's rest length, l, is 50 nm.  However, we expect that 
this value can vary depending on myosin's state (i.e. whether one or two heads are 
bound).  Further, although myosin's full reach is likely around 50 nm, it might be 
reasonable to position the hinge in our mechanical model of myosin (Supplementary 
Figure 2-S8B) at the junction of myosin's two lever arms, decreasing l to 35 nm (e.g. 
Vilfan, 2005).  We therefore performed simulations with l = 35 nm. 
 
For each of these simulated data sets, we performed 75 simulations, with filament 
gaps matching a subset of our experimental measurements.  For these 75 simulations, 
we determined the proportion of trajectories that went straight, turned and terminated, 
for trajectories with an approach angle where interaction was predicted.  We repeated 
this process 10 times, and found the average and standard deviation. 
 
At the initiation of our simulations, the crossing actin filament was randomly 




given a spiral pitch of ~ 2 μm we uniformly sample all possible approach angles.  
However, since the motors are stochastic, even when the average spiral pitch is 2 μm, 
some vesicles can follow spirals with a longer pitch over a 1-3 μm distance.  Thus, to 
determine whether a bias in approach angle affected our results, we performed 
simulations with a shorter (ps = 0.33, Ps = 1.5 μm) spiral pitch. 
 
Regardless of spiral pitch and myosin length, all simulations gave similar results 
(Supplementary Figure 2-S13A).  Thus, errors in our estimates of these values have a 
minimal effect on our conclusions.  
 
3.4.2. Myosin stiffness and attachment rate 
The model has two parameters, ka and κθ, that were unknown.  We used ka = 2.4 s-1 
and            κθ = 0.25 pN nm/rad in our simulations.  To determine how these variables 
affect our conclusions, we performed a sensitivity analysis.  Because a shorter spiral 
pitch does not affect simulation outcomes, in these simulations we used ps = 0.33, 
giving a spiral pitch of Ps = 1.5 μm, in order to ensure a uniform sampling of approach 
angles. 
 
We examined 17 different combinations of ka and κθ.  For each parameter set, we 
performed ten simulations of our experiments, as described above, and, when the 
vesicle had an approach angle where interaction was predicted (Supplementary Figure 




trajectories that went straight, turned or terminated.  The accumulated results of these 
ten simulations was then compared to data, and we determined whether the simulations 
were different from (p<0.05, χ2 test) or not different from (p>0.05, χ2 test) the 
measurements. This data met all requirements for analysis by χ2 test. These simulations 
allow us to identify a region of parameter space where simulation and experiment are 
not significantly different (yellow region in Supplementary Figure 2-S13, bottom right).  
Note that, when ka gets too large, we expect that more than three motors will be bound.  
This provides an upper-bound to ka. 
 
Generally, we find that turning probability increases with attachment rate, but 
rapidly saturates at around =0.5 - 1 s-1.  For example, when κθ is held fixed at 0.25 
pNnm/rad, increasing the attachment rate (ka = 0.4, 0.8, 1.6, 2.4, and 3.2 s-1) decreases 
the termination probability at the expense of turning, with little difference in the 
probability of going straight (see Supplementary Figure 2-S13B, left).  For this value of 
κθ, only the lowest attachment rate was significantly different from the measurements. 
 
We also find that turning probability decreases with torsional stiffness.  For 
example, when ka is held fixed at 2.4 s-1, increasing the angular stiffness (κθ = 0.0625, 
0.25, 1, 2, 4 pNnm/rad) leads to a decrease in turning probability, with the probability of 
going straight increasing and the probability of terminating remaining roughly constant 
(see Supplementary Figure 2-S13B, top).  For this value of ka, only the highest torsional 





3.4.3 Summary of sensitivity analysis 
The sensitivity analysis demonstrates two main points.  First, the qualitative result 
of our experiments and simulations, that motor teams prefer to go straight through 3D 
actin intersections, is generic.  For all parameter combinations we tested, straight 
trajectories were always most frequent.  Second, there is quantitative agreement 
between our simulations and experiments for a wide range of parameter values.  In fact, 
all simulations with an attachment rate higher than ka = 1 s-1 and a stiffness lower than 
κθ = 2.5 pNnm/radian were not different from the experiments.  Thus, agreement 
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The cell’s dense three-dimensional (3D) actin filament network presents an 
obstacle course that physically and directionally challenges vesicular transport by teams 
of myosin Va (myoVa) motors.  Cargo must be navigated through diverse networks of 
actin ranging from the branched, polarity aligned networks of the lamellipodia and 
interior actin to the dense entanglement of filaments found at the cortex. Furthermore, 
myoVa is known to act as both a transporter and a tether depending on the specific 
cellular context, yet little is understood about how myoVa navigates such varied 
networks and applies its ability to transition through multiple modes of motion (e.g. 
stationary, diffusive-like, directed). To define how a myoVa team maneuvers its cargo 
through such complex networks, we created actin filament networks in vitro that were 
suspended from silica structures and then characterized the 3D trajectories of 
fluorescent, 350 nm fluid-like, lipid liposomes transported by a myoVa team (~10 
motors). Each actin filament’s 3D spatial orientation was defined using STORM 
microscopy and its polarity (plus-ends) identified, as reported by the movement of 
single fluorescent, reporter myoVa. Model networks of randomly oriented, unbranched 
actin filaments were assembled as well as branched actin networks using the Arp2/3 
complex to create an inherent plus-end polarity alignment bias. Our results suggest that 
the cell can modulate the activity of myoVa motors between stationary and directed 
motion by controlling the polarity of the network's actin filaments. This model transport 
system provides a broader platform to understand how cellular regulation of the 






To maintain homeostasis through critical cellular functions, cells are required to 
continuously transport vital cargo through the crowded intracellular environment. This 
is accomplished through molecular motors, tiny biological machines, which bind and 
move a wide variety of intracellular cargo along the cell’s labyrinth of cytoskeletal 
filaments (Hirokawa, 1998; Mehta et al., 1999; Ross et al., 2008; Vale et al., 1996).  
Cargos targeted from sites of production at the interior of the cell to the membrane for 
secretion rely on the bidirectional transport of kinesins and dyneins on microtubules for 
long range (~10µm) transport, yet final delivery requires shorter range transport (1-
4µm) by myosins on actin filaments (Fig. 3-1A) (Hendricks et al., 2010; Kapitein et al., 
2013; Langford, 2002).  Specifically, myosin Va (myoVa) has been shown to be a 
versatile motor, which is known to aid in the transport and anchoring of cargo in an 
incredible diversity of cell types (e.g. Melanosomes, chromaffin cells, neurons) 
(Balasanyan & Arnold, 2014; Rosé et al., 2003; Wu, Bowers, Rao, Wei, & Hammer III, 
1998).   
Cells are three-dimensional (3D), and so are their actin cytoskeletal networks. In 
these networks, each actin filament is polarized with a plus-end and a minus-end. 
MyoVa walks exclusively towards the plus-end. However, within even a single cell, the 
actin geometry and the polarity alignment of the filaments can vary widely as a vesicle 
journeys through different regions to its destination at the cell membrane (Blanchoin, et 





Figure 3-1. Myosin Va Teams Transport Intracellular Cargo Through
Networks of Actin. (A) Lipid-bound cargo is produced and packaged at the interior
of the cell within the Golgi. These cargo are first transported along microtubule
tracks followed by hand-off to myoVa for distribution and final delivery to sites of
secretion at the cell membrane. (B) Super resolution, 3D STORM reconstruction of
an in vitro actin network. Actin filaments are strung between silica beads of varying
diameters, which support the network and maintain a 3D organization. Color
represents Z-position. Scale 2µm. (C) Overlay of 350 nm vesicle trajectory
(magenta) by teams of myoVa within a 3D actin filament network (colored by Z-




 critical question: How does the cell employ teams of myoVa motors to navigate the 
varied cellular actin networks and regulate cargo delivery to the correct place and time?  
The importance of understanding this question is highlighted by genetic 
mutations of myoVa in humans, which result in devastating neurological diseases 
(Pastural et al. 1997). The expression of a dominant negative myoVa construct in 
cultured cells indicates that these diseases are a result of a failure to properly transport 
critical intracellular cargo, leading to aggregation of lipid-bound cargo at the cell’s 
interior (Gross et al., 2002). While these informative studies provide context for 
myoVa’s multiple roles in vivo, the complexity of the cell can make interpretation of 
myoVa’s specific contributions to transport, independent of the multitude of other 
cellular phenomenon, difficult. Thus, complementary in vitro work has attempted to 
bridge the gap between cellular observations of intracellular cargo transport and 
mechanistic understanding of these processes by using simplistic cargo 
transport/cytoskeletal models (Ali et al., 2007; Hariadi et al., 2014; Nelson et al., 2014; 
Ross et al., 2008; Yildiz et al.,  2003). While informative, these studies often relied on 
ridged cargo (quantum dots, beads, DNA origami) and lacked the 3D nature of the 
living cell’s cytoskeleton through the use of glass-surface-bound filaments. 
 More recently, several groups have begun to build complexity both in vitro, and 
in cellular model systems, by exploring the transport of intracellular cargo in 3D (Bálint 
et al., 2013; Bergman et al., 2018; Lombardo et al., 2017). When allowed to transport 
cargo in 3D, myoVa motors move their cargo greater distances, and can maneuver 




along the actin filament they initially travel on (Ali et al., 2002; Lombardo et al., 2017). 
Collectively, these studies support the idea that the 3D geometric arrangement of the 
actin cytoskeleton can influence the navigation of cargo by myoVa.  However, the actin 
networks of living cells are dense arrays of filaments where a single cargo may contact 
several (2-6) filaments simultaneously (Snider et al., 2004). A randomly organized 
network of this actin filament density presents a seemingly insurmountable obstacle to 
transport, as the multiple cargo-bound motors could simultaneously bind to oppositely 
polarized filaments leading to competing motor teams and stationary cargo. A 
mechanism which the cell utilizes to potentially combat this, is to align actin filament 
polarities (i.e. a polarity bias), with plus-ends of actin filaments generally facing 
towards the exterior of the cells (Ross et al., 2008; Svitkina et al., 1997). Therefore, the 
alignment of filament polarities within a network may determine the general direction 
myoVa transports its cargo (Hariadi et al., 2014). It’s important to note, that even 
though an actin filament network, which can span many microns, may have an overall 
polarity bias, it’s the local actin filament polarities and alignment that the myoVa 
motors on the cargo surface detect, which helps determine the cargo’s eventual motion. 
Therefore, the local actin filament’s 3D orientation and polarity have the potential to be 
a tunable regulator of the myoVa transport system, influencing the myoVa-based 
modes of motion (i.e. stationary/tethering vs. directed). 
To investigate this, we have adapted our previously reported suspended 3D 
actin model system to create 3D actin filament networks of similar filament density to 




support structures to create a 3µm thick network of filaments elevated off the glass 
surface, we then imaged the actin using 3D super-resolution STocastic Optical 
Reconstruction Microscopy (STORM) and identified the polarity of each filament using 
a fluorescent reporter technique (Huang et al., 2008; Tas et al., 2017).  The polarity of 
filaments within the local network environment were manipulated by nucleating 
branched filaments, using the Verprolin, Cofilin, Acidic (VCA) domain of Wiskcott-
Aldrich Syndrome Protein (WASP) and Actin Related Protein 2/3 (Arp2/3) complex 
(Pollard et al., 2000; Reymann et al., 2012). This created branched filaments where the 
plus-ends of the nucleated branches face a similar direction as the mother filament. 
Using lipid-bound liposome cargos with teams of constitutively active myoVa motors, 
we designed physiologically relevant motor-cargo complexes, which were challenged 
to navigate the biomimetic actin networks (Fig. 3-1B&C). We found that introduction 
of a slight alignment in the plus-end polarity of the filaments within the local network, 
allowed for significant increase in the amount of directed motion observed from the 
motor-cargo complexes, as compared to networks of unbranched filaments, where the 
filament polarity was arranged randomly. These results indicate that actin filament 
polarity within the dense actin networks of the cell can modulate the modes of motion 
for myoVa-bound cargo. 
RESULTS 
Actin network characterization 
A 3µm thick network of randomly oriented actin filaments was created off the 




diameters ranging from 500 nm to 3000 nm within a microfluidic chamber (Fig. 3-1B). 
The mixture of bead diameters prevented network compaction, with actin filaments 
spanning 2.3 ± 0.7µm (mean ± SEM) on average between beads and creating numerous 
3D actin filament intersections (Fig. 3-1B), thus, mimicking cellular actin filament 
networks (Kapitein et al., 2013).  Alexa-647-labeled phalloidin was used to label the 
 
Figure 3-2. Measurement of Position and Polarity of Actin Filaments Within a 3D
Network (A) 3D STORM reconstruction of three actin filaments with Z-position
indicated by color. (Scale: 1µm) (B) Fits through the STORM localization data of the
identical actin filaments shown in (A), identify each filament’s 3D geometric
orientation. Error on the actin orientation precision was measured between the fit and
the STORM data points for each filament (RMSD; Orange filament: 6.9 nm n=435;
Green filament: 6.3 nm n=695; Blue filament: 6.3 nm n=465). Rotation of the
localization data and fits by 90 degrees reveals the 3D orientation of the filaments. (C)
A 3D network of branched filaments (white arrows) was created using filaments
polymerized with Arp2/3. (Scale: 1 µm) Inset: Prior to introduction of the Apr2/3
branched filaments into the 3D network, a small sample was separated from the
polymerized stock, diluted and then imaged using STORM to confirm the presence of




actin, which was then imaged using super-resolution 3D STORM by incorporating an 
intentionally induced astigmatism into the light path (Fig. 3-2A) (Huang et al., 2008; 
Lombardo et al., 2017). A 3D linear fit to the STORM localization data for fluorophores 
along the filament was used to identify the spatial relationship of each individual actin 
filament within the network (Fig. 3-2B), with a precision of ±6.5 nm, based on the Root 
Mean Squared Deviation (RMSD) for the fit. We designed two separate actin networks 
to emulate the types of cellular networks where myoVa is known to play a critical role 
in the transport of intracellular cargo: (1) The unbranched, intertwined actin filament 
networks found near the cell cortex (Rosé et al., 2003); (2) The Arp2/3 branched 
networks similar to those found originating from the Golgi apparatus at the interior of 
many secretory cells (Chen, Lacomis, Erdjument-Bromage, Tempst, & Stamnes, 2004; 
Matas, Martínez-Menárguez, & Egea, 2004), the leading edge of motile cells  (Pollard 
& Cooper, 2009),  and dendritic spines of neurons (Wagner et al., 2011).  To create the 
branched networks, we polymerized actin filaments in the presence of Arp2/3, which 
created filaments with multiple branch points (Fig. 3-2C inset), then incorporated these 
into our 3D suspended networks (Fig.3-2C). 
Modes of myoVa-dependent liposome motion are related to the type of actin filament 
network 
We tracked the 3D trajectories of 350±32 nm (mean ± s.d.) synthetic, lipid 
membrane liposomes with ~10 myoVa-bound as they navigated actin filament networks 
with high spatial (X, 17 nm; Y, 18 nm; Z, 30 nm) and temporal (50ms) resolution 




determined using a fluorescence photobleaching technique, while liposome diameters 
were measured by dynamic light scattering (Lombardo et al., 2017; Nayak & 
Rutenberg, 2011; Nelson et al., 2014). The use of phospholipid liposome membranes, 
which were fluid at room temperature, allowed for free diffusion of motors across the 
liposome surface (Nelson et al., 2014). When the cargo-complexes were transported on 
one, individual suspended filament, they were limited only by the length of the actin 
and moved with a velocity of 389±163 nm/s, which matches values previously reported 
(Lombardo et al., 2017). However, when we tracked the myoVa-driven liposomes 
within an unbranched filament network (Fig. 3-1C), the behavior of the cargo became 
more complex, often switching between stationary, diffusive-like, and directed motions 
(Fig. 3-3A). To describe these three modes of motion, we used mean squared 
displacement (MSD) analysis to calculate the diffusive exponent, or alpha value (α), 
which is a measure of the liposome’s mode of motion. Specifically, the motion modes 
were defined by ranges of alpha values as follows: stationary (α≤0.66), diffusive-like 
(0.66 ˂ α ˂ 1.33), or directed (α ≥ 1.33) (Fig. 3-3A) (Heaslip et al., 2014; Weihs, 
Mason, & Teitell, 2007) (see Methods). The cutoffs chosen for the three distinct modes 
of motion are similar to those used for in vivo mode switching cutoffs for insulin 
granules and early endosome cargos (Heaslip et al., 2014; Zajac, Goldman, Holzbaur, & 
Ostap, 2013). 
We then compared the distribution of alpha values for liposomes moving within 
a network of filaments (i.e. in contact with 2-6 filaments) that was made from either 





                             
Figure 3-3. Tracking Liposomes in 3D and MSD Modes of Motion Analysis. (A)
Representative example of the 3D trajectory of a 350 nm vesicle transported within an
unbranched actin filament network, which exhibits multiple modes of motion as
indicated by color (Directed=Red; Diffusive-like=Blue; Stationary=Green). The
vesicle’s MSD for the segmented regions are plotted vs. time (ΔT) on a log-log axis
(inset). The slope of the linear fit to the plotted data represents the diffusive
coefficient, alpha ( α ) reveling the three separate modes of motion within the single
trajectory: Stationary (α=0.04), diffusive (α=1.0), and directed (α=1.7). (B)
Probability distribution of α values in 3D unbranched networks (n=329 vesicles) and
(C) in branched Arp2/3 filament networks (n=245). Probability distributions are
colored by their alpha value to indicate modes of motion as defined in (A). (D)
Probability distribution plot for the Local Filament Density (LFD) between Arp2/3
branched (cyan) and unbranched (Navy blue) 3D networks of filaments. No




 tracked 329 liposomes within the network of unbranched filaments and found they 
were equally distributed across all modes of motion with 38% directed, 29% diffusive-
like, and 33% stationary (Fig. 3-3B). Strikingly, alpha values from the 245 liposomes 
moving within the branched 3D networks showed a statistically significant change in 
their distribution (p=0.007) from the unbranched filament network with many more 
(54%) moving in a directed fashion and only 11% being stationary (Fig. 3-3C). 
Diffusive-like motion was largely the same at 35% of all observed modes of motion 
within the Arp2/3 branched network. The characteristic run lengths for the directed 
modes of motion were compared the two actin filament networks. Interestingly, within 
the branched networks, liposomes had a run length (1190±340 nm), which was 
significantly longer (p=0.036) than that measured within the unbranched networks 
(1040±410 nm).  The pause lifetimes for stationary liposomes were not significantly 
different (p=0.39) between liposomes transported in the branched (3.0s) and unbranched 
(4.7s) networks (Table S1). These results indicated that the mechanisms behind 
maintaining stationary motion were the same between the two networks, yet the 
liposomes within the branched networks experienced both more frequent, and longer 
directed runs than those in the unbranched network (Fig. 3-3B&C). 
Branched filament networks have an increased actin polarity alignment 
We hypothesized that the source of the large shift in modes of motion for 
liposomes toward more directed motion in the Arp2/3 branched networks could be a 
result of either an increase in the alignment of the plus-ends of actin filaments or a 




was in contact with, or Local Filament Density, was determined on a frame-to-frame 
basis (Fig. 3-3D). This Local Filament Density was determined by calculating a 
spherical volume centered around the liposome’s measured XYZ position that included 
the potential reach of motors on the liposome surface (see Methods). The number of 
filaments within this volume were identified for every frame in a liposome’s trajectory. 
Liposomes moving along single filaments, as well as those undergoing diffusive-like 
motion, which were not in proximity (>700 nm) of any filaments, were excluded from 
the dataset. Liposomes transported within both branched and unbranched networks 
showed a Local Filament Density of 2 to 3 filaments for the vast majority of recorded 
frames (Fig. 3-3D), with no significant difference in Local Filament Density (p=0.69) 
found between unbranched and Arp2/3 branched filament networks. Without any 
difference in the Local Filament Density, we suspected that differences in actin filament 
polarity alignment between the two networks was a potential source for the differences 
observed in the modes of motion (Figs. 3-3B&C).  To address this, the polarity of each 
filament was determined by creating a reporter myosin motor-cargo complex, which 
was comprised of a tiny ~50 nm fluorescent liposome cargo that had only a single 
myoVa motor (Fig. 3-4A) (see Methods). Single motors walked exclusively toward the 
plus-end of an actin filament, which allowed the polarity of the filament the reporter 
myosin moved along to be identified (Fig. 3-4B-D) (Tas et al., 2017). This 
identification technique was applied after 350nm liposome transport was observed 
within a network and after the 350 nm liposomes were removed from the network. The 




not to disturb the existing actin filament network (Fig. 3-S1). By superimposing the 
trajectories of the reporter myosins onto the 3D fitting of the actin filament positions, 
we were able to identify the polarity of the exact filaments that the 350 nm liposomes 
              
Figure 3-4  Detemination of Actin Filament Polarity and Creation of Arp2/3
Networks (A) Single reporter myosin were attached to 50 nm fluorescent liposome
cargo to identify the polarity of filaments within a 3D network. (B) Actin filament
network from Figure 1B&C. (C) Tracks of the reporter cargo (white) reveal the
polarity of the actin filaments identified for the same actin network shown in (B) and
Figure 3-1C.   (Scale: 1 µm) (D) Combining the actin filament fits for this network
with the filament polarity information determined in (C) allows for the position and
polarity of every individual filament to be defined. Filaments that potentially
contacted, i.e. are within 700 nm (two 350 nm vesicle liposome diameters) of the
trajectory shown in Figure 3-1C, are colored green with the plus-end of the actin




were in contact with (Fig. 3-4 C&D).  
Knowing each actin filament’s polarity, we then quantified the effective 
filament polarity alignment for the local filament network that the liposome was in 
contact with on a frame-to-frame basis.  We called this measurement the Local Polarity 
Alignment (LPA) (Fig. 3-5A). Each filament’s 3D orientation and polarity in this local 
network was treated as unit vector, with the vector pointing toward the plus-end of 
actin. We then vector summed the identified local filaments in contact with the 
liposome to determine an effective Local Polarity Alignment (Fig. 3-5A) (see Methods). 
This calculation was only a measure of the actin filament’s orientation and polarity to 
each other and was independent of their physical distance apart (so long as they 
contacted the liposome or its motors). Mathematically, this resembled the techniques 
used to calculate the overall magnetic field polarity resulting from the net effect of 
many individual dipoles within a metal (Zahn, 1979).  For example, if actin filaments 
were “not aligned” at all, the unit vectors would cancel when summed resulting in a net 
vector with a near zero magnitude (Fig. 3-5A). As the actin filaments became more 
aligned, the magnitude of the net vector increased eventually reaching the maximum 
magnitude when the filaments were aligned, and plus-ends of every filament pointed in 
exactly the same direction. Normalizing this net vector magnitude to the number of 
local actin filaments in contact with the liposome gave a Local Polarity Alignment 
values ranging from 0 to 1 (Fig. 3-5A).  
The Local Polarity Alignment distribution calculated for the unbranched 




is directly related to the Local Filament Density (i.e. the number of filaments in contact 
with the liposome), which was most often between 2-3 filaments (Fig. 3-3D), we 
hypothesized that these peaks reflected local networks of 2 and 3 filaments whose actin 
filament polarities are randomly aligned. To test this, we calculated theoretical 
distributions for the Local Polarity Alignment for such 2-filament (Fig. 3-5B, solid 
curve) and 3-filament (Fig. 3-5B, dashed curve) networks (see Methods). Interestingly, 
the Local Polarity Alignment distributions of these theoretical networks suggest that the 
3-filament randomly aligned network may underlie the central peak in the unbranched 
filament networks’ Local Polarity Alignment distribution. Whereas, the presence of a 2-
filament randomly aligned local network would explain the higher Local Polarity 
Alignment values. In comparison, the Arp2/3 branched networks showed a unique third 
peak (~15% of population) centered at a Local Polarity Alignment between 0.6 and 0.8, 
or ‘nearly aligned’ (Fig. 3-5A&C). This peak may reflect local networks of increased 
polarity alignment introduced by the Arp2/3 branched actin filaments. Specifically, 
these filaments add branch points to the local network at ~70 degrees, which maintain 
the same plus-end polarity as the original filament. To test this, we created a Monte 
Carlo simulation to estimate the Local Polarity Alignment distribution that would arise 
from a network of filaments whose polarity and orientation was based on the 70±7° 
Arp2/3 branches (inset Fig.3-5C) (see Methods) (Mullins, Heuser, & Pollard, 1998). 
Interestingly, the predicted Local Polarity Alignment distribution for such an Arp2/3 
branched network nearly matched the new third peak in the Local Polarity Alignment 




moving within both the unbranched and Apr2/3 branched networks encountered local 
networks of actin orientation and polarity alignment that ranged the full spectrum from 
“not aligned” to fully aligned (Figs. 3-5B&C). However, liposomes transported within 
  
Figure 3-5 Local Polarity Alignment. (A) Schematic of Local Polarity Alignment
(LPA) Characterization for Three Actin Filaments. LPA ranges from 0 to 1 (green to
red) and is a normalized measure of the actin filaments’ (black arrows) polarity
alignment. These filaments are within contact range of the myoVa motors on the
cargo surface (magenta) (i.e. the Local Filament Density; see Methods). Four
examples of LPAs are provided. At an LPA of zero, the actin filaments and their
plus-ends are at 120 degrees from each other. If each filament is treated as a unit
vector, their unit vectors sum to a net vector of magnitude zero (i.e. not aligned). As
the plus-ends of the filaments become more aligned (i.e. generally point the same
direction), the net vector magnitude increases. When all the filaments point in
exactly the same direction, the filaments are aligned  and the net vector (red) reaches
its maximum value. Mathematically, LPA is the magnitude of the net vector
normalized by the Local Filament Density. (B) Probability distribution for LPA in
an unbranched network shows two major peaks, which align with theoretical
predictions of two (solid), and three (dashed) randomly oriented filaments (see
Methods). (C) Probability distribution for LPA for branched filament networks
shows the same two peaks seen in (B) with a new third peak between 0.6-0.8,
indicating a slight polarity bias has been introduced into the network, as suggested
by the theoretical LPA distribution for a local network created solely from Arp2/3








A vast variety of human secretory cells rely on myoVa motor’s versatility to 
serve a duel role as both a transporter of, and a tether for, secretory granules on their 
journey to sites of secretion at the plasma membrane (Balasanyan & Arnold, 2014; Rosé 
et al., 2003; Rudolf et al., 2011; Wu et al., 1998). The goal of this study was to explore 
how the local actin filament orientation and polarity influenced the transport of lipid-
bound cargo by teams of myoVa through 3D actin filament networks. Therefore, we 
created 3D actin filament networks with either no inherent local alignment of individual 
filament polarities (Fig. 3-5B) or one with greater local alignment of filament polarities 
as a result of introducing branched Arp2/3 filaments into the network (Fig. 3-5C).  This 
latter network was designed to mimic cellular networks, such as those of the dendritic 
spine in which the Arp2/3 complex creates a bias in filament polarity toward the cell 
exterior (Pollard & Cooper, 2009; Wagner et al., 2011) and where myoVa is known to 
operate. Our study suggests that local actin filament polarity alignment is a critical 
factor in determining the mode of myoVa-driven transport. Specifically, in random, 
polarity aligned networks created from unbranched actin filaments, the modes of 
myoVa-driven liposome transport are equally distributed between stationary, diffusive-




due to Arp2/3 branched filaments contributes to more frequent directed transport, 
regardless of the local actin filament density. This finding may suggest that the degree 
of polarity alignment between actin filaments in a network may exist to match the 
physiological demands for myoVa-driven cargo transport in specific intracellular 
domains.  
The molecular basis for modes of cargo motion 
Ascribing a molecular basis for stationary, diffusive-like, or directed motion of 
myoVa-bound cargo is difficult within the crowded cytoplasmic milieu of living cells, 
where the presence of dynamic cytoskeletons and many different motor types can all 
exert separate influences on intracellular cargos. However, in our simplified model 
system, directed motion, averaging microns in length, can only arise from the active 
stepping of the cargo-bound myoVa motors along stable actin filament networks. When 
myoVa motors on the surface of a liposome encounter multiple actin filaments within 
their local actin network, these motors have the opportunity to engage the actin, and 
form teams on each available filament (Fig. 3-6A). If the polarities of the local actin 
filaments are aligned, the forces produced by these teams of myoVa motors will also be 
aligned, leading to cooperative force production. These forces do not need to be 
perfectly aligned to maintain directed motion, and we observed long, directed 
trajectories along Arp2/3 branched filament networks where the Local Polarity 
Alignment was consistently ‘nearly aligned’ (Fig. 3-6B). One explanation for this is that 
the application of slight off-axis forces up to ~45° (relative to the direction of myoVa 




myoVa motor’s processivity or stepping kinetics (Oguchi et al., 2010).  Thus, the 
motors are not sensitive to the slightly off-axis loads produced by the neighboring 
                                    
Figure 3-6 Local Polarity Alignment Determines Net Force Production From
MyoVa Motor Teams. (A) MyoVa motors (black) are recruited to nearby actin
filaments (red, blue, magenta) to form teams (green) on the lipid cargo (yellow).
Individual motors within the team bind and detatch from actin, which creates dynamic
teams which can exchange with motors freely diffusing across the cargo’s fluid lipid 
bilayer surface. When actin filaments have a biased polarity alignment (nearly aligned
or aligned LPA), forces (black arrows) from the different motor teams are generally 
aligned and directed cargo transport can occur more easily. (B) Representitive directed 
trajectory (red) from a 350 nm diameter liposome (purple) within an Arp2/3 branched 
actin filament  (green; plus-end shown by arrow head) network. Grey ‘halo’ sphere
around purple liposome represents the theoretical ‘reach’ of the surface-bound myoVa 
(see Methods). The LPA (average=0.8)for the actin filaments at every time point is 
defined as ‘nearly aligned’. Actin was imaged using 3D STORM and plotted using 




motor teams on the liposome surface. This may explain why myoVa motors transport 
their cargo long distances along Arp2/3 branched networks to the tip of dendritic spines 
in Purkinje neurons (Wagner et al., 2011) and with straight trajectories in the 
keratinocyte lamellipodia (Hariadi et al., 2014).  Overall, the cell likely uses areas of 
polarity aligned filaments to induce directed motion from myoVa motors and move 
cargos for medium range transport. 
Liposome modes of motion that are identified as diffusive-like, are a 
combination of true diffusion, presumably when the liposome is disengaged from the 
network, and when the liposome meanders processively by constantly switching 
filaments in areas of poor filament polarity alignment (Nelson et al., 2009; Pierobon et 
al., 2009). The observed movements of the diffusive-like liposomes in our unbranched 
networks are 26x slower (diffusion constant = 0.053±0.002µm2/s) than predicted for a 
350 nm liposome in water (i.e. ~1.4 µm2/s). This measured diffusion constant is also 
much lower than might be expected from a cargo without motors that is entangled in an 
actin network with similar Local Filament Densities we report here (Gardel, Valentine, 
Crocker, Bausch, & Weitz, 2003).  Therefore, the diffusive-like motion observed in our 
networks is largely derived from meandering motion by teams of motors within local 
regions of poorly aligned polarity (Fig. 3-7A&B). In the cell, this diffusive-like motion 
may not be futile. MyoVa-driven meandering of cargo along actin networks following 
long range transport by kinesins and dyneins may provide a dispersive mechanism for 
cargo to sample the cell membrane domain for target binding sites (Gross et al., 2002; 




concept where the distance traveled by a melanosome correlated negatively with the 
number of times the cargo switched tracks, reducing directed motion to apparent 
diffusive-like wandering (Gross et al., 2002).  
The presence of stationary motion in both unbranched and branched actin 
filament networks (Fig. 3-3B&C) is likely rooted in two molecular processes: (1) A tug-
of-war arising from multiple force producing motors on the liposome surface being 
bound to separate filaments which are not polarity aligned (Fig. 3-7A); (2) Liposome 
entanglement, where the filaments themselves serve to cage the liposome independent 
of motors attaching to the actin filaments.  These two mechanisms are not mutually 
exclusive and may be complimentary toward creating stationary liposomes within the 
networks. Entanglement within an actin filament network would be dependent on the 
local actin filament density, with denser networks promoting more stationary modes of 
motion (Gardel et al., 2003). However, the extent of the Local Filament Density in the 
two networks studied here was nearly identical (Fig. 3-3D), suggesting that the greater 
frequency of stationary liposomes in the unbranched, randomly polarity aligned 
networks is due the tug-of-war between motor teams, as suggested above. This scenario 
is reduced in the Arp2/3 branched networks as the local actin filament network becomes 
more favorably aligned. Understanding how a tug-of-war between teams of motors can 
result in stationary liposomes can be derived from single myoVa studies in which 
opposing loads are applied. Specifically, with resistive loads, the motor progressively 
slows its stepping rate until the motor stalls, when the resistive load equals the motor’s 




et al., 2008). Similarly, lipid bilayer cargos with multiple bound myoVa traveling on an 
actin filament also reach stall forces that are proportional to the number of motors in the 
            
Figure 3-7 Actin Filament Polarity Alignment Affects Liposome Transport. 
(A) When the Local Polarity Alignment is ‘poorly aligned’ or ‘not aligned’, the 
force produced by each myoVa team can be directed away from each other 
producing resistive forces and thus little productive transport. These antagonistic 
motor teams and their resistive forces can result in stalled myoVa motors, which 
then teather cargo to the actin (B) Representitive trajectory from an unbranched 
network as plotted in Fig. 3-6B. A  liposome experiences diffusive-like motion as 
its myoVa meander along an actin network. Most of the liposome’s time is spent 
on actin filaments in the middle range of LPA (Average: 0.59) between ‘poorly 
aligned’ or ‘nearly aligned’. (C)  The local network is that in (B). When 
challenged with multiple filaments whose polarities point in opposing directions, 
liposomes became stationary, as result of an unresolved tug-of-war between 




team (Lombardo et al., 2017). In this way resistive forces between motor teams 
interacting with actin filaments in a poorly polarity aligned network can induce 
tethering of cargo within the network (Fig. 3-7A&C) and potentially utilized by cells to 
keep cargo tethered in specific cellular locations. For example, the ‘reserve pool’ of 
insulin granules in pancreatic beta cells consists of hundreds of granules tethered within 
convoluted actin networks near the cell cortex, awaiting their release in response to 
increased blood glucose levels (Heaslip et al., 2014; Rorsman & Renstrom, 2003). 
Conclusions 
Within the cell there exists a vast cellular toolbox of actin binding proteins that 
can manipulate actin filament orientation and polarity within a network. The dynamic 
and malleable nature of 3D cellular actin structures and polarities provide a means for 
the cell to quickly manipulate the production of opposing vs. cooperative forces from 
separate myoVa motors or teams of motors on the same cargo. Additionally, since 
motors only detect the polarity alignment of the filaments they are in contact with, the 
cell can then organize actin filament networks to achieve spatial control for specific 
cellular transport processes (Fig. 3-1A). This presents a potential mechanism where the 
various modes of vesicle motion can be spatially fine-tuned in time and space (Heaslip 
et al., 2014; Hendricks et al., 2010; Kapitein et al., 2013; Langford, 2002) (Fig. 3-1A). 
Future studies will need to be designed to explore more dynamic actin filament 
networks, where actin networks can be deconstructed through actin severing proteins 
and rebuilt through polymerization-enhancing proteins so that filament orientation and 




the incorporation of mixed networks with both microtubules and actin filaments with 
their respective motors will provide insight into the interplay between long range 
transport by microtubule-based motors and final delivery by myosins.  
METHODS 
Liposome preparation, characterization, and motor attachment 
Liposomes were prepared as described extensively in Lombardo et al. (2017), 
which has been summarized for clarity and repeatability below. We used extrusion 
through a polycarbonate 25mm membrane (Thermo-Fisher #097322)  to create 350 nm 
diameter phospholipid liposomes, composed of (molor ratio) 84 parts DOPC (1,2-
dioleoyl-snglycero-3-phosphocholine), 5 parts PEG-ylated phospholipid (1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000], 5 parts 
cholesterol, 5 parts 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide] (MBP:PE) and 1 part carbocyanine dye DiI or DiO Cell-
labelling Solution (Thermo Fisher Scientific) (Nelson et al., 2014). Liposomes were 
incubated with a final concentration of 1mM thiolated Neutravidin (SH-NaV) and 
incubated at room temperature for 1 hour to covalently conjugate the maleimide moiety 
of the MBP:PE within the liposome membrane to the thiol groups of the SH-NAV 
(Nelson et al., 2014). Centrifugation at 400000xg for 10 minutes was used to remove 
excess SH-NAV. The liposomes were then resuspended in PBS (pH 7.2) and extruded 
through filter membranes of pour size 650 nm (Thermo-Fisher #097322), which 




dynamic light scattering using a Wyatt Technology DynaPro model MSX-TX and 
Dynamics V6 software (Lombardo et al., 2017).  
A double-headed, heavy meromyosin myosin Va (myoVa) construct was 
expressed with calcium-insensitive calmodulin light chain using a baculovirus/Sf9 cell 
system and incorporated with an 88-aa biotin ligase recognition sequence at the C-
terminal end (Hermanson, 2008). The construct was purified using affinity 
chromatography to a C-terminal FLAG tag on the myosin heavy chain (Hodges et al., 
2007; Krementsov et al., 2004). The C-terminal biotin on the myoVa construct bound to 
the SH-NaV on the liposomes, which allowed us to attach the myoVa motors to the 
liposome exterior surface (Lombardo et al., 2017). To do this, myoVa motors (3.3µl, 
500 nM) were diluted into 6.7 µl of actin buffer (AB) (25 mM imidazole, 4 mM MgCl2, 
1 mM EGTA, 25 mM KCl, 10 mM DTT, with 3.5 mg·ml-1 glucose, 40mg·ml-1 glucose 
oxidase, 27 mg·ml-1 catalase, 100mg·ml-1 creatine phosphokinase, 1 mM creatine 
phosphate) with 1 mg·ml-1 bovine serum albumin (BSA) and then conjugated to 350 nm 
DOPC liposomes by mixing  10 µl of 3.9 nM of the liposomes into the diluted myoVa 
and incubating for 15 min. at room temperature. 
To measure the number of myoVa motors conjugated to each liposome, we used 
a myoVa construct that was identical to the myoVa construct described above except 
that it included an N-terminal Yellow Fluorescent Protein (YFP) on each motor domain 
(YFP-myoVa). We employed a fluorescence photobleaching approach, originally 
developed by Nayak and Rutenberg (Nayak & Rutenberg, 2011), and one we applied 




intensity decay of the fluorescent YFP-myoVa, bound to the liposome surface, were 
recorded in Total Internal Reflection Fluorescence (TIRF) while liposomes were in 
contact with the glass surface. The integrated fluorescence intensity of each liposome 
was measured as the intensity decayed over time as the YFP fluorophores on the YFP-
myoVa photobleached. The deviation on the rate of fluorescent decay was then related 
to the intensity of a single YFP under the conditions imaged using the technique 
described in Nelson et al (2014. Knowing the intensity of the individual YFP 
fluorophore allowed us to calculate the total number of fluorophores and thus, YFP-
myoVa bound to the liposome from the initial fluorescent intensity before any 
photobleaching occurred as shown in Lombardo et al. (2017). 
 
3D actin filament network motility assay 
Chicken skeletal actin was used for all experiments and prepared as described 
previously (Pardee & Spudich, 1982), with additional steps for the Arp2/3 branched 
actin as follows. Fully polymerized filamentous (F)-actin was dialyzed with agitation 
against G-buffer (2.0 mM Tris Base, 0.2 mM CaCl2, 0.005% NaN3, 0.2 mM Na2ATP, 
1.0 mM DTT) for three days, with buffer changes every 24 hours to produce monomeric 
globular (G)-actin. Once produced, G-actin was clarified by certification at 400000xg 
for 20 min and stored at 4° C for no more than 1 week or at -80° for up to 1 year. 
Branched actin filaments were produced on the day of experiments by mixing to a final 
concentration of 5 µM G-actin in a total volume of 30 µl of polymerization buffer (10 




room temperature for 6 minutes. After the initial polymerization, nucleation of branched 
filaments was initiated by bringing the total volume to 80µl of polymerization buffer 
with final concentrations of 5.8 µM VCA domain of Westcott Aldrich Syndrome 
Protein (Cytoskeleton, Inc.), 150 nM of Arp2/3 (Cytoskeleton, Inc.), 2.5 µM of Alexa-
647 labeled phalloidin (Thermo-Fisher), 1.6 mM NaATP, and additional G-actin to 
maintain the total actin concentration of 5 µM and provide monomers to elongate 
nucleated branches. The mixture was allowed to incubate at room temperature for an 
additional 30 minutes before being stored on ice. The resultant solution was then diluted 
with (AB) to a final concentration of 3 µM of F-actin.  
 Actin filaments were suspended in 3D between silica beads as described 
previously (Lombardo et al., 2017) with the following changes: 1) Silica beads of 
varying diameter (500 nm-3000 nm in 500 nm increments) were used instead of only a 
single diameter; 2) Actin was introduced into the flow chamber at a higher 
concentration of 3 µM to create denser filament networks. To briefly summarize the 
sequential steps for creating the actin filament network within the flow chamber as 
follows. The mixture of multi-sized silica beads was created by mixing a ratio 1:1 for all 
beads of diameter between 1500 nm and 3000 nm. Beads of 500 nm, 1000 nm were 
mixed at a ratio of 0.33:1 and 0.5:1 respectively into 1 M TRIS pH 8.0 buffer. The 
mixture was then incubated with poly-L-lysine as described in Lombardo et al. (2017) 
and then introduced into a customized 30 µL flow chamber at an approximate 
concertation of 0.01% solids. This chamber was flushed with AB with 1 mg·ml-1 BSA 




unbranched, or branched Arp2/3-mediated actin filaments (3 µM) in AB were flowed 
into the chamber. The actin was incubated for 2 minutes before gently being washed out 
using AB.  The final wash was completed using a specific AB-STORM buffer, which 
was AB buffer with 77 mg·ml-1 of beta-mercaptoethylamine and 1 mM NaATP, which 
was used for all STORM imaging (AB-STORM buffer). The imaging of liposomes was 
done in AB and 1 mM NaATP. This buffer was identical to the AB-STORM buffer 
without the mercaptoethylamine. To enhance the fluorescent imaging of the myoVa-
coated DiO-labelled 350nm liposomes, we first diluted them 400x to a final 
concentration of 50 pM before introduction into the flow chamber, to encourage sparse 
attachment to the actin networks. After imaging the 350nm liposomes, a 3x volume 
wash of AB buffer with 1 mM NaATP was used to remove the 350nm liposomes with 
the fluid exchanged as gently as possible. To determine the polarity of the filaments 
(see, Polarity Reporter Myosin Preparation and Filament Polarity Identification) DiO-
labelled reporter myosin were introduced into the flow chamber at a final concentration 
of 1 nM of myoVa motors, and imaged as they walked along single filaments. As a 
control to ensure that the flow of buffer into and out of the chamber had not disturbed 
the actin we confirm the stability of actin filaments within the networks. To do this an 
additional 3x wash of AB buffer was used to remove the reporter myosin, which was 
followed by the AB-STORM imaging buffer, and then an additional series of STORM 
imaging on the same field of view (Fig. 3-S1).  
 




3D STORM images were acquired using a Nikon N-STORM super-resolution 
microscope system with excitation of Alexa-647 phalloidin-labelled actin by 647 nm 
and 405 nm lasers.  A cylindrical lens was added to the light path to introduce an 
astigmatism and allow for 3D imaging as described previously (Huang et al., 2008; 
Lombardo et al., 2017). Approximately 30,000 images were collected to generate the 
actin super-resolution 3D reconstruction. Raw TIFF images were then imported into the 
ImageJ plugin Thunderstorm (Ovesný, Křížek, Borkovec, Švindrych, & Hagen, 2014). 
Minimum and maximum intensity thresholds were determined on a chamber-to-
chamber basis, along with background and localization uncertainty measurements. 
Fluorophores with an axial ratio greater than 1.3 were eliminated. A 532 nm laser was 
used to excite fluorescent DiO-labelled liposomes navigating the actin filament 
networks. The Nikon ‘perfect focus’ system was applied to ensure Z-dimension imaging 
stability and alignment of the liposomes and actin within the same Z-plane over the 
duration of any individual imaging session. Thunderstorm cross-correlation drift 
correction was applied to account for XY drift. Additionally, the silica bead supports 
were visible as fiducial markers in all imaging channels and were used to cross-
correlate between the actin images, 350 nm liposomes, and polarity reporter myosin. 
Using the ImageJ plugin PIV (Tseng et al., 2012), the fiducial markers could be aligned 
with sub-pixel resolution. Collectively, these techniques allowed for precise sub-pixel 
tracking of drift in X,Y and Z both within, and between all actin, liposome, and polarity 
reporter imaging. To correct for chromatic aberrations, a Z-position lookup table was 




generated by stepping beads through different Z-positions (±400 nm) using the piezo 
stage, while imaging them in different color channels. To correct for aberrations arising 
from differences between the index of refraction between the glass surface and buffer, a 
rescaling factor was applied to Z-positions as described previously (Lombardo et al., 
2017). 
 
3D liposome position  
 The liposome 3D position calibrations shown and described extensively in 
Lombardo et al. (2017) were used in this study.  In brief, raw TIFF images were 
imported into ImageJ and a two-axis elliptical Gaussian was used to fit the images of 
fluorescent liposomes. To create a Z-calibration curve, actin was attached to the glass 
surface of a flow chamber coated with Poly-L-Lysine. 350 nm liposomes identical to 
those used in all experiments were then flowed into the chamber in AB buffer with 
0mM NaATP, causing the liposome-bound myoVa to attach to the actin without letting 
go (i.e. rigor conditions for the actin-bound myosins). The fluorescent liposomes on the 
glass surface were then stepped from -400 nm to +400 nm using a piezo stage. Vertical 
and horizontal axis fits to the fluorescent liposome images were normalized and then 
matched to the Z-calibration curve as described previously (Henriques et al., 2010). 
Precision of the liposome localization was measured by sparsely binding 350 nm 
liposomes to single actin filaments suspended between silica beads off the glass surface 
in AB buffer with 0 mM NaATP. This condition represents the uncertainty in 




filaments itself, and the liposome’s attachment through the myosin motors. The 
resultant localization precession for suspended 350nm myosin-bound liposomes was 17 
nm in X, 18 nm in Y and 30 nm in Z. 
 
Polarity reporter myosin preparation and filament polarity identification 
Smaller, 50 nm, liposomes were produced from the 350 nm liposomes described 
above and were used as reporters for actin filament plus-end polarity. To do this, 500 µl 
of 350 nm liposome were sonicated using a 550 Sonic Dismembrator (Thermo-Fisher) 
for 5 minutes with 0.5 second bursts while kept at 4° C by submersion in an ice bath.  
The 7x decrease in diameter leads to an approximate 50x increase in solvent exposed 
surface area of the liposomes.  Therefore, incubation with myosin under identical 
conditions as the 350nm liposomes (3.3 µl of 500 nM motors, 10 µl reporter liposomes, 
and 6.7 µl AB buffer) lead to a theoretical average of 1 myosin bound for every 5 
reporter liposomes. These limiting motor conditions were confirmed through titration of 
the myoVa motors, where reduction in the concentration of incubated motors less than 1 
motor: 5 liposomes, eliminated observed transport of the reporter myosin along actin 
filaments.  
 Reporter myosin were introduced into the actin networks following 350 nm 
liposome imaging (Fig. 3-4). This prevented the small chance that a photobleached, 
defective, or unseen reporter myosin could influence the trajectories of the 350 nm 
liposomes within the actin networks. Trajectories of the reporter myosin were aligned to 




employing the same ImageJ based PIV cross-correlation analysis used for the 350nm 
liposomes. Once aligned in X and Y, the raw TIFF images of the reporter myosin’s 
fluorescent signal were overlaid onto the STORM reconstruction of the actin filaments 
to make a movie of the reporter myosin transport along the network filaments (Fig. 3-4). 
The reporter myosin’s fluorescent signals were then tracked using the sub-pixel 
localizing ImageJ plugin (MTrackJ). The reporter myosin trajectories were required to 
be a minimum of 150 ms in duration to be considered the result of single myoVa 
undergoing processive movement. The direction of travel was then considered to be 
towards the plus-end of the actin filament. In this way the polarity of the actin filament 
was identified. Filament polarity analysis was performed once actin filaments were 
localized within the network following STORM reconstruction (see below). By this 
approach, virtually every actin filament’s polarity within the network was identified.  
 
Actin filament 3D position fitting 
 Each individual Alexa-647 3D STORM localization (see, Microscopy, 3D 
Image Acquisition and Calibration) was saved as an entry in a .csv file. Full frame data 
sets were cropped to regions of interest, of up to 120 filaments, then imported into the 
statistical programing language R.  The regions of interest were plotted on a dynamic 
3D plot, which could be rotated freely and observed from any angle using the RGL 
package library (Fig. 3-2) (Adler et al., 2014). Initial starting inputs for the filament 
fitting were made by manually identifying a potential start and end point for each 




radius between the start and end points and collected all STORM localizations within 
the volume (Fig. 3-2B).  A least squares linear regression was then fit through the 3D 
STORM localizations, creating a best fit line segment for each actin filament. The ends 
of the line segment were allowed to elongate or shorten to best fit data that continued 
beyond or ended before the initial estimates. This was limited to a total length change of 
(400 nm) to prevent fitting to data from other sources (e.g. a silica support bead), which 
were beyond the end of the fitted filament. Each filament’s fit was then tagged with an 
ID number and saved as a line segment defined by two points, each with an X,Y, and Z 
position, where the filaments measured position spanned between the two points. The 
root mean squared deviation between the fit and the STORM localization data was then 
used to measure the precision of the actin fit. The polarity of each filament was then 
added to these fits as a binary identifier indicating which of the two points was the plus-
end of the actin (see above). 
 
Mean squared displacement (MSD) and change point analysis 
Mean squared displacement analysis originally described in Heaslip et al. (2014) 
was adapted to accommodate 3D data for this study using the equation below. 
 
  Where N is the total number of frames in the trajectory, n is the number of 




trajectory (50 ms for 350 nm liposomes), and (xi, yi, zi) is the position of the liposome 
at time i. A custom “change point’ algorithm was written in the statistical analysis 
program R, which segmented trajectories into “directed”, “diffusive-like”, and 
“stationary” regions. The segmentation was done by calculating a rolling-window MSD, 
which allows for an unbiased identification of distinct modes of motion within single 
trajectories. The modes of motion are identified by plotting the MSD versus time (∆T) 
on a log-log axis (Fig. 3-3A inset) and calculating a linear fit through the plotted data. 
The slope of the fit line, defines the diffusive exponent, alpha value (α). The alpha value 
can range between 0 and 2 with an α of 0 defining completely stationary motion, α of 
~1 would arise from diffusive-like motion and an α of 2 from purely directed motion 
(Saxton & Jacobson, 1997). We defined, stationary, diffusive and directed motions as 
three equal ranges of alpha values as follows: stationary (α≤0.66), diffusive (0.66 ˂ α ˂ 
1.33), and directed (α ≥ 1.33).  These cutoffs were set by analysis of known stationary 
particles imaged using the same optical system as our experiments, which resulted in 
α=0.17±0.09 defined previously (Heaslip et al., 2014). To identify transitions between 




Where k is the number of parameters for the fit (in this case 4), n is the number of 




As the fit varies from the MSD vs. time data, it indicates a mode of motion changed, 
and the BIC value drops.  BIC transitions between modes of motions, diffusion 
coefficients, run lengths, and associated error terms were calculated as described in 
Heaslip et al. 2014. Statistics between alpha values in the branched and unbranched 
networks was accomplished using the Kolmogorov-Smirnov test. Stationary lifetimes, 
diffusion coefficients, directed run lengths and directed velocity measurements were 
calculated as described in Heaslip et al. (2017). 
 
Local filament density and local polarity alignment analysis  
We created a theoretical spherical volume, which centered on the liposomes 
localized 3D position to estimate the number of filaments that myoVa motors bound to 
the exterior of a liposome could potentially engage. The theoretical volume was created 
using constants, which were either experimentally measured in this study or previously 
published as follows: The diameter of the sphere was the sum total of the 350 nm 
measured liposome diameter (Lombardo et al., 2017), 100 nm for the approximate 
length of two (one myoVa on each side of the liposome) of our myoVa motor constructs 
(Trybus, 2008), and the maximum propagated error for the actin localizations and 
liposome tracking positions (36nm) (Figs. 3-2A-C, 3-6) (Lombardo et al., 2017).  We 
centered the volume around the 3D trajectories of the 350 nm liposomes, which had 
been aligned (see above) to the actin fits on a frame to frame basis (Figs. 3-6). Any 
actin localization fits, which passed through this volume were then considered to be in 




Density for that liposome at that frame. Kolmogorov-Smirnov (K-S test) was used for 
statistical analysis of the on Local Filament Density between conditions.    
The ID identifier of each contacted filament was stored for each frame and a 
Local Polarity Alignment was calculated from only the filaments, which were 
considered to be in contact with the liposome. To calculate Local Polarity Alignment, 
we created a spatial vector, which matched the orientation of each actin filament’s 3D 
positional fits with a plus-end polarity determined from the reporter liposomes. The 
magnitude of each vector was set to 1, so that each filament was represented as a unit 
vector that maintained its 3D orientation and polarity. The vectors, for filaments in 
contact with a 350nm liposome, were then added to each other using simple vector 
algebra to create a net vector (Fig. 3-5A). Filaments, which had their plus-ends pointing 
in opposite directions, would thus subtract from each other and cancel out leading to a 
net vector, which had a magnitude of zero (Fig. 3-5A). On the other hand, filaments, 
which pointed in the same direction would add to each other, increasing the net vector’s 
magnitude. The resulting net vector related information only pertaining to the filaments 
orientation and polarity to each other, not their physical separation in 3D. Using this 
analysis, the total magnitude of the net vector would thus be a measure of how aligned 
the filaments, which contacted the liposome were at any given frame. The Local 
Polarity Alignment was normalized by then dividing the net vector’s magnitude by the 
number of filaments.  To model how the Local Polarity Alignment value would be 
distributed for two filaments over all possible orientations and polarity (Figs. 3-5B&C), 




end) and end (plus-end) 3D coordinates. The vector coordinates were first set to be 
identical. Then, one of the vectors was rotated around its center in the XY plane while 
the other remained stationary. Local Polarity Alignment was then calculated in one-
degree increments as it rotated 0 to 360 degrees. The Local Polarity Alignment values 
were then plotted as a histogram and a smoothed line drawn through the histogram. This 
theoretical distribution was then overlaid onto the data of Local Polarity Alignment 
measurements from the unbranched and Arp2/3 branched filament networks using 
MATLAB-version R2017A (Figs. 3-5B&C). This process was similarly repeated for 
three filaments by rotating all combinations of the three filament vectors and recording 
the resulting Local Polarity Alignment (Figs. 3-5B&C).    
We also modeled the Local Polarity Alignment for an Arp2/3 branched filament 
that had one or two branches in addition to the mother filament that could be contact 
with the liposome (Fig. 3-5C, inset). Therefore, a Monte Carlo simulation was created 
to determine the distribution of Local Polarity Alignments as follows. The simulation 
assumed that the mother filament was represented as a unit vector. This vector was 
assigned as the reference point for the addition of new branched filaments within the 
simulation. The angle at which Arp2/3 branches came off the mother filament was 
randomly assigned from a normal distribution based off measurements from Mullins, 
Heuser et al. 2008, which was reported as 70±7°. We termed this angle the ‘branch 
angle’. Either one or two filament branches were then created, which were oriented with 
their plus-end pointing in the direction of the mother filament’s polarity. This was 




Alignment values. These values were then plotted as a histogram, which showed a 
broad Gaussian distribution centered at a Local Polarity Alignment of 0.68 (Fig. 3-5C, 
inset). This fit was then plotted on the Local Polarity Alignment histogram plot of the 
branched filament network (Fig. 3-5C). The Monte Carlo simulation and plotting were 
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Table 3-S1 Mean Squared Displacement Analysis Measurements. 
Stationary lifetimes, diffusion coefficients, directed run lengths and directed velocity 














Figure 3-S1 Actin STORM Reconstruction Overlay Before and After Liposome 
and Reporter Myosin. 
Actin was imaged using super resolution STORM before introduction of 350 nm 
Liposomes into the flow chamber (Green) as preformed for all other experiments. 
However, after imaging of 350 nm liposomes navigating the actin and identification of 
the polarity of the filaments using reporter myosin imaging of the actin under STORM 
conditions was completed again (Red) identically to the first time. The STORM 
reconstruction from before and after the liposomes was then overlaid in Imagej to detect 
if the actin remained stable throughout the entirety of the experiment.  Essentially all 
filaments visible in the first period of actin imaging remained stable and were visualized 
again in the same location following the experiment, indicating that the liposomes or 









CHAPTER 4: DISCUSSION 
The active transport of critical biological cargo by molecular motors is a basic 
cellular function required for all eukaryotic life. Class V myosin motors have been 
demonstrated to play a vital role in the transport of cargos destined for the cell 
membrane by navigating their cargos through the actin networks of the cell.  Yet the 
cell’s complex three-dimensional (3D) actin networks present significant environmental 
and navigational challenges to transport by myosin V motors. Previous studies have 
aimed to address these challenges to transport by creating simplified cytoskeletal 
models where fluorescent actin filaments were attached to the glass surface of 
microfluidic chambers, and navigation by myosin V motors was observed along the 
actin (Ali et al., 2007; Baker et al., 2004; Warshaw et al., 2005; Yildiz et al., 2003). 
Significant information about the individual motor (e.g. run length, velocity, step size, 
etc.) was obtained from these experiments yet a disconnect existed between these 
simplified models and cellular actin networks regarding the navigation of actin-actin 
intersections by myosin Va motors. When moving along seemingly randomly oriented 
cellular networks, teams of myosin Va motors bound to the same cargo were observed 
to move their cargo in surprisingly linear trajectories given the number of actin filament 
intersections (Hariadi et al., 2014). However, a single motor traveling on surface-bound 
actin turned ~80% of the time when one actin filament intersected another at a 90° angle 




presence of multiple myosin Va motors bound to a physiologically relevant fluid-lipid 
cargo would exhibit emergent behaviors from the motor teams, enabling them to move 
straight through actin intersections and recapitulate the relatively linear trajectories 
observed within cells. However, instead we found that despite testing an array of lipid-
bilayer cargos of varying diameter, and number of cargo-bound myosin Va motors, all 
conditions favored turning over continuing straight at surface-bound actin-actin 
intersections (Fig. 2-S5). This lead to an important question: Is the 3D nature of the cell 
itself an important aspect of myosin Va actin intersection navigation? 
To answer this, we produced 3D actin-actin intersections suspended off the glass 
surface and challenged the myosin Va driven vesicles to navigate this obstacle.  
Surprisingly, the myosin Va teams transported their cargo straight through the 
intersection 62% of the time and turned onto the intersecting filament 33% of time (Fig. 
2-2). This represented, for the first time, a recapitulation of the relatively straight 
trajectories observed on cellular networks using entirely laboratory assembled 
components. Additionally, the vesicles showed other new transport behavior, such as 
unmeasurably long run lengths, decreased pausing, and helical movement around single 
filaments, not observed on glass-bound actin (Fig. 2-S3). In collaboration with Dr. Sam 
Walcott at the University of California, Davis, we created an in silico model, which 
accounted for these emergent transport behaviors and combined with our full 3D 
imaging of both actin and the vesicles, in time, allowed us to understand how myosin 
Va motor teams formed on their cargo and engaged multiple actin filaments. We found 




stochastic attachment and detachment of the multiple cargo-bound motors allowed for 
the cargo to be slowly repositioned each time a motor came on or off the actin 
filaments. The result of this was that the cargo could be moved around an intersecting 
filament obstacle until it no longer impeded forward motion (Fig. 2-5). This 
repositioning of the cargo can only occur when the filaments are suspended in 3D, 
whether it be the natural 3D environment of the cell or our in vitro model system.  Yet, 
a single intersection of two filaments represents only the basic unit of a cellular actin 
network, where dense arrays of filaments form an entangled network. 
We extended the mechanisms learned at the 3D intersections to investigate how 
myosin Va motors navigate their cargo through 3D networks of filaments where cargo-
bound motors could engage 2-6 filaments simultaneously. Much effort has been focused 
on describing the geometrically diverse arrangements of actin found within living cells 
(reviewed in (Blanchoin et al., 2014)). Of these networks, studies of myosin Va 
transport within the Arp2/3 branched networks of dendritic spines, and the dense actin 
entanglements found at the cell cortex of secretory cells (e.g. pancreatic beta cells, 
chromaffin cells, melanophores) highlight the diversity of 3D networks myosin Va is 
adept at operating within (Gross et al., 2002; Hammer III et al., 2013; Heaslip et al., 
2014). Myosin Va-driven cargo within these networks has been observed to switch 
between different modes of motion as the cargo seemingly alters its behavior (stationary 
tethering, diffusive-like meandering, directed transport). However, little is understood 
about how myosin Va teams operate within these networks and what regulates the 




Additionally, the question remains as to how teams of myosin Va motors are able to 
move along dense, entangled networks of filaments in comparatively straight (i.e. 
directed) trajectories. We hypothesized that teams of myosin Va would be more capable 
of transporting cargo in a directed fashion through dense 3D networks of actin if the 
plus-end polarity of the actin filaments were biased to be generally aligned in a similar 
direction. We found that myosin Va-bound lipid cargo moving through an actin network 
made from Arp2/3 branched filaments showed substantially more directed motion vs. 
stationary motion (Fig. 3-3). When the Arp2/3 branched filaments were not included in 
the making of the network and only unbranched actin filaments were used, the 
percentage of directed trajectories observed dropped and stationary motion was equally 
likely to be observed from the cargo as directed motion. We hypothesized that this 
finding could be the result of either a difference in the density of the networks the 
vesicles moved within, or an effect of the polarity alignment of the filaments. To test 
this, we measured the number of filaments and the polarity alignment of the filaments 
each vesicle was in contact with on a frame to frame basis.  We found that the overall 
filament density of the networks was identical indicating filament density alone did not 
dictate the modes of motion the myosin Va motors could produce. Yet the polarity of 
the actin filaments in the branched filament network were found to generally have their 
plus-ends biased to face the same direction. Collectively, these results suggested that 
cellular regulation of transport by myosin Va could be achieved through manipulation 




The work presented in this dissertation additionally shed light on a fundamental 
question of myosin Va based transport. That is, if the single motor can transport a cargo 
>2µm in 3D (Ali et al., 2002), and most of the transport accomplished by myosin Va in 
the cell is short or medium range (1-3µm) (Kapitein et al., 2013), why do secretory 
granules bind between 20 and 60 myosin Va motors (Gross et al., 2002)? There are 
multiple answers to this question which have been investigated before (Gross, 
Vershinin, & Shubeita, 2007), however, two benefits to binding multiple motors to a 
single cargo arise from this dissertation: (A) Multiple motors allow the cargo to remain 
attached to the actin when one motor stochastically detaches, which enables 
repositioning of the cargo to overcome obstacles (Chapter 2); (B) Multiple motors on 
the surface of these cargo can be mechanically coupled through the cargo itself, 
enabling the production of emergent behavior from cooperative (assistive), and 
antagonistic (resistive) forces (Fig. 4-1A) on both single filaments (Nelson et al., 2014) 
and networks of filaments (Chapter 3). 
The ability of multiple motors to reposition their cargo in 3D to overcome 
obstacles is not unique to myosin Va and has been also reported previously for kinesin 
motors moving within microtubule networks (Verdeny-Vilanova et al., 2017). At the 
3D, 90° intersections we characterized in Chapter 2 (below referred to as ‘3D 
intersections’), the cargo repositioning is associated with pausing events as the motors 
bind and detach to the available filaments. Each time any of the many cargo-bound 
motors attach to or detaches from either of the two filaments, the cargo repositions as a 




repositioning of the cargo continues until the obstacle is overcome (Fig. 2-5) (Bálint et 
al., 2013). However, in the 3D intersection any motor can only bind to one of two 
filaments (either the originally-bound filament or the intersecting filament) (Fig. 2-1B). 
If one myosin Va motor was transporting the cargo along the originally-bound actin 
filament, and upon encountering an intersecting filament, another myosin Va from the 
Figure 4-1: Forces Applied to Myosins Under Various Actin Geometries. (A)
Cartoon of a single myosin Va (black) bound to an actin filament (red) transporting a
vesicle cargo (yellow). The myosin Va may experience forces which are applied against
(resistive; red arrow) or in line with (assistive; purple arrow) its direction of motion. (B)
Within a 3D network of filaments, combinations of three types of forces may arise from
teams of motors (green area with black motors) interacting with different filaments. For
example, the team of motors generating force on the left side of the cargo (purple
arrow) would experience a resistive force (red arrow) and an off-axis (blue arrow) force.
(C) When a network of filaments have a polarity bias, resistive loads become less






same cargo attached to the intersecting filament, the force placed on each of the motors 
would be largely perpendicular to each other (i.e. off-axis load). (Fig. 4-1B) (Oguchi et 
al., 2010). These off-axis loads are distinct from the resistive and assistive loads 
measured in laser trapping studies of myosin Va walking along single filaments that 
slow and speed up motor stepping respectively (Fig. 4-1A) (Kad et al., 2008).  The 
maximum resistive load a single motor can experience without detachment from the 
actin is known as the stall force, which ranges from 1.8 to 3.0pN for myosin Va and 
forces just below this result in extremely long-lasting motor head attachment to actin in 
the ADP-bound state (Clemen et al., 2005; Kad et al., 2008; Mehta et al., 1999). 
However, off-axis loads do not have this effect, and “robust processivity” continues 
even when significant off-axis load is applied (Oguchi et al., 2010). Importantly, in the 
3D intersection experiments, it is nearly impossible to reach the maximum stall force 
for motors bound to either filament since the vast majority of available geometries lead 
to motors pulling off-axis to each other.  This is not the case within 3D networks of 
filaments, where anti-polarized filaments can produce equal and opposite resistive loads 
(Fig. 4-1B). This can lead to stalling of the motors, which is observed as very long 
pausing (>60s) of the cargo (i.e. stationary events) (Fig. 3-7C) (Desnos et al., 2003; 
Rosé et al., 2003; Rudolf et al., 2003).  Pausing due to physical obstacles is still possible 
as observed at the 3D intersections, however, stationary events as a result of motor 
stalling from resistive loads is an additional challenge to transport through 3D networks 
(Fig. 4-1B). One solution to this challenge is to align the actin filaments’ polarity, thus, 




(Chapter 3) (Fig. 4-1C).  In this way the two benefits ((A) and (B) above) that arise 
from the presence of multiple motors on a single cargo can be maximized and, allows 
for improved transport capabilities within 3D networks of actin.   
Despite the importance of motor force dependence and mechanics on transport 
as described above, broadly, the combined findings of the two studies presented in this 
dissertation support a model where intracellular cargo transport by myosin Va is not 
dictated by the motor alone. Instead, a tripartite transport system exists, where the 
physical properties of the cargo, the geometric arrangement of the actin, and the 
mechanical properties of the motor are all handles by which the cell can modulate 
transport for its specific cellular need (Fig. 4-2A). Specialized cellular functions (e.g. 
insulin secretion in a pancreatic beta cells) drive the changes in these three components, 
which demand response from the other pieces of the transport system to maintain proper 
function. This point can be emphasized by comparing two examples of known myosin 
Va-bound cargos, the insulin granule of pancreatic beta cells, and the endoplasmic 
reticulum (ER) of neurons (Heaslip et al., 2014; Snider et al., 2004; Wagner et al., 
2011).  
During insulin granule trafficking, a maturation process crystalizes the insulin 
with zinc and calcium to form an extremely dense, rock-hard crystal within the ~400 nm 
lipid coated vesicles (Hou, Min, & Pessin, 2009). The cell then uses dense networks of 
actin at the cells cortex to entangle the completely inflexible cargos and create a readily 
releasable pool of insulin granules just below the cell membrane (Fig. 4-2B) (Rizzoli & 




barrier while the cargo-bound myosin Va are serving as tethers rather than transporters 
(Heaslip et al., 2014; Jin et al., 2011). Consequently, nearly all directed transport is 
accomplished along microtubules via kinesins and dyneins within INS-1 cells (Heaslip 
et al., 2014). On the other end of the spectrum, the peripheral endoplasmic reticulum 
(ER) of neurons is known to be a continuously changing system of membrane tubules, 
which dynamically elongate and shorten (Wagner et al., 2003). To reach the tips of 
dendric spines the ER must remain incredibly flexible and form-fitting to squeeze along 
the many <1µm diameter tubes of distal dendrites. Once at a dendritic spine, teams of 
myosin Va pull protrusions of the ER up along Arp2/3 branched networks of actin to 
the dendritic tip (Wagner et al., 2011) (4-2C). This highly directed motion arises from 
the combined result of the three transport components: the myosin Va motors respond 
to the large pliable cargo by grouping into teams at the leading edge of the ER 
protrusion, and walking along the polarity biased network to accomplish directed 
transport.  
Though the two above examples show the extremes of the physical properties of 
the cargo and the geometric arrangement of actin influencing transport, within the many 
cell types of the human body can vary greatly between them. Our data suggest that 
making small changes to the actin network, cargo, or motors (e.g. cargo size, increased 
surface-bound motors) can be used by the cell as an effective way to tweak the way 
cargos are transported (or tethered). For example, when we increased the number of 
motors on the vesicles, the rate of turning at actin-actin intersections increased by 




straight (Fig. 2-S5). An additional mechanism the cell uses to regulate transport is 
through motor activation, or attachment to cargo surfaces by myosin adaptor proteins. 
The GTPase Rab27a is known to recruit myosin Va to the surface of melanosomes 
through the binding of another myosin adaptor protein, melanophilin (Oberhofer et al., 
2017; Wu et al., 2002a).  Melanophilin’s structure is largely intrinsically disordered 
(Geething & Spudich, 2007) yet is known to interact with both myosin Va’s rod region 
and the actin filament, allowing for simultaneous motor recruitment, activation, and 
increased run lengths during transport (Sckolnick et al., 2013). In other cell types these 
adaptors can be mixed, matched, or entirely replaced with similar proteins such as the 
Rab27a/granuphilin or rabphilin attachment in pancreatic beta cells (Wang, J., 
Takeuchi, Yokota, & Izumi, 1999). Yet, unlike melanophilin, rabphilin does not interact 
with actin in the same way and thus does not apply the same transport modifications. 
This variety of modifying adaptor protiens allows for incredible versatility of myosin 
Va to be targeted to specific cargo and regulation of the transport system to extend 
beyond the three core components of the motor, the cargo and the cytoskeletal track. 
 
FUTURE DIRECTIONS 
In living cells, a myriad of different molecular motors, of different families and 
classes, bind simultaneously to the same cargos as myosin Va. Additionally, the 
microtubule and actin cytoskeletal tracks for these motors are interwoven, and in some 
cases, physically linked to one another (Cammarata, Bearce, & Lowery, 2016; Griffith 




investigated either actin-based transport or microtubule-based transport but not both 
together with few exceptions (Ali, Lu, Bookwalter, Warshaw, & Trybus, 2008; 
McIntosh, Holzbaur, & Ostap, 2015; Schroeder et al., 2010). The current dogma in the 
field is that long range transport is accomplished through bidirectional movement along 
microtubules via kinesin and dynein followed by hand off to myosin motors for 
distribution and final delivery along actin filaments (Ross et al., 2008). Yet little is 
understood about what this handoff involves and how cargo is transferred from 
microtubule-based transport to actin networks. In living cells, transport can be grouped 
into two general categories, movement directed toward the center of the cell (minus-end 
Figure 4-2: Motors, Cargo and Tracks Combine to Form Unique Transport 
Systems. (A) Fluid lipid cargos (yellow) allow for free diffusion of myosin Va 
motors (black) across the surface of the cargo. These motors interact with actin 
filaments (Blue) within proximity of the cargo surface, forming teams at zones of 
actin engagement (green). Each team creates its own collective force (purple) 
directed along the actin filament. (B) Cartoon of insulin granules within a dense 
randomly aligned network of actin. The low polarity alignment and crystalized 
insulin cargo result in an inflexible cargo with motor forces pulling in opposing 
directions which promotes stationary tethering. (C) Cartoon of myosin Va driven 
transport of the Endoplasmic reticulum up a dendritic spine along polarity biased 




of microtubules and actin) and toward the exterior of the cell (plus-ends of microtubules 
and actin). To limit the parameter space for study, and maximize the applicability of the 
knowledge gained by the work in this thesis, future studies should first focus on 
transport of cargo being moved toward the cell membrane for secretion (i.e. plus-end 
directed motors such as kinesin-1 and myosin Va). Our hypothesis is that cargos 
binding both kinesin-1 and myosin Va are more efficient transporters of cargo, 
exhibiting longer, more directed trajectories, and overcoming cytoskeletal obstacles 
(e.g. an actin-microtubule intersection) more quickly. To test this hypothesis two 
adaptations to our current 3D in vitro model system will need to occur: (1) creation of 
3D cytoskeletal networks, which include microtubules and actin filaments; (2) 
attachment of both myosin Va and kinesin-1 to the same 350 nm liposome vesicles. 
A select number of previous studies have investigated the navigational outcomes 
of simplified motor-cargo complex (e.g. 2 motors on a quantum dot, silica beads with 
many motors) at surface-bound, actin-microtubule intersections (Ali et al., 2007; 
McIntosh et al., 2015; Schroeder et al., 2010). Surprisingly, myosin Va, appears to 
directly interact with microtubules, and is capable of both diffusing along the 
microtubule surface and tethering kinesin to its track (Ali et al., 2007, 2008; Cao, 
Chang, Masters, & Mooseker, 2003). Myosin V also has been observed to localize to 
the microtubule end binding protein, EB-1, through a number of intermediate proteins 
including melanophilin (Wu, Tsan, & Hammer III, 2005; Yin, Pruyne, Huffaker, & 
Bretscher, 2000). Only a couple of studies have investigated the reciprocal evidence for 




hints into how the presence of both kinesin and myosin on the same cargo influence 
transport within mixed filament networks (i.e. combined actin and microtubules 
networks). This would be addressed using reconstituted kinesin-1 and myosin Va-bound 
to the same synthetic vesicle cargo within well characterized 3D mixed filament 
networks. Our synthetic vesicle system contains embedded streptavidin-phospholipids 
in its fluid lipid bilayer and thus can accommodate the linkage of any motor which 
possesses a biotin linkage site at the tail of the motor. Actin and microtubule filaments 
would be labeled in separate fluorescent colors and suspended in 3D and imaged using 
STORM microscopy to fully define the 3D geometry of the networks.  The precision of 
the STORM reconstructions overlaid with the high spatial (18 nm X&Y, 30 nm Z) and 
temporaµ (50ms) 3D tracking of the vesicles would allow for the detailed analysis of 
the navigation by the motors of specific cytoskeletal motifs (e.g. actin microtubule 
intersection, multiple parallel filaments of mixed type, etc.).A critical advantage of our 
in vitro model is that the networks on which the cargo are being transported can be 
made as simple or complex as needed to increase understanding in a stepwise manor.  
A second major advantage of the use of our synthetic vesicle cargo approach is 
that the ratio of motor densities for myosin and kinesin motors can be controlled and 
quantified. The full range of motor density ratios between 100% myosin to 100% 
kinesin could be tested through titration of motor concentration during incubation with 
the vesicles. Combined with the cytoskeletal network manipulation as described above, 
this experimental tool would allow us to answer the following critical question: Under 




microtubule-based transport to actin based transport occur? Previous studies of cargo 
linking dynein and myosin V at actin-microtubule intersections indicated that 
navigation of the intersection was dependent on the number of motors present on the 
cargo of each type (Schroeder et al., 2010). Since myosin Va is capable of interacting 
with the microtubule, its presence may alter the well described motion of kinesin motors 
along microtubules similar to the way melanophilin alters the transport by myosin V 
through tethering to the actin (Sckolnick et al., 2013). Of specific interest would be to 
examine the interactions that occur at of handoff from microtubules to actin under 
differing motor ratios. Results of these encounters could include how often the myosin 
team or kinesin team ‘wins’ with subsequent motion continuing along microtubules or 
actin networks, and measurements of the duration of pausing as outcomes of the 
handoff are determined by the motor’s activity. These experiments would provide 
information which would be vital to understanding what mechanisms the cell may 
employ to regulate the transfer of cargo from kinesins and dyneins to myosins for final 
delivery. Additionally, understanding of the relationship between motor ratios and 
transport capability would address how the cell may control the activation and 
deactivation of specific motors to modulate the amount of directed motion vs. stationary 
tethering occurs. As a final note, the replacement of our synthetic liposomes with 
isolated cargos from living cells, including their native compliment of motors attached, 
provides an appealing cooperative approach which would add significant physiological 
relevance to these proposed studies (Hendricks, Holzbaur, & Goldman, 2012; 
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